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ABSTRACT 
Phytophthora sojae, a hemibiotrophic oomycete, is the causal pathogen of stem and 
root rot disease of soybean (Glycine max [L.] Merr). The annual soybean yield loss suffered 
from this disease is valued at about 300 million dollars. A series of single Rps genes protect 
soybean from the root and stem rot disease. In the last two decades Rps1-k has been the most 
stable and widely used Phytophthora resistance gene in the major soybean-producing regions 
of the United States. 
Two classes of CC-NB-LRR-type Rps1-k genes were isolated from the Rps1-k locus. 
Representative members from each gene class were expressed in transgenic soybean plants. 
Analyses of independent Ro, R1, RR2 and R3 progeny populations suggested that both gene 
classes confer Phytophthora resistance in soybean. Sequence of the entire Rps1-k locus 
indicates that it is composed of mostly repetitive sequences, including simple repeat 
sequences, tandem repeats and retroelements. Gene content in the Rsp1-k region appears to 
be very poor, with only a few full-length genes including the Rps1-k genes. 
A yeast two-hybrid system was applied in identifying signal transduction factors 
involved in the expression of Phytophthora resistance. Various baits derived from Rps1-k-2 
were applied in the yeast two-hybrid screens. Thirteen putative Rps1-k-2-interacting proteins 
(RIP) were identified based on in vivo interactions in yeast and in vitro pull down assays. In 
vivo interactions in soybean cells determined by FRET analysis and preliminary RNA 
interference (RNAi) experiments in transformed cotyledons further confirmed that several 
candidate Rps1-k-2-interactors including a 26S proteasome AAA-ATPase subunit RPT5a, a 
receptor kinase, an unknown expressed protein and a type II metacaspase are promising 
Rps1-k-2-interactors. We further characterized RIP13, the type II metacaspase that showed to 
vi 
interact with the N-terminal 144 amino acids of Rps1-k-2. RIP13 is rapidly induced upon 
infection with an avirulent P sojae race. Large-scale RNAi experiments suggest that RIP13 
play a critic role in Rps1-k-2-mediated resistance. This study implicates that the functional 
role of RIP13 may be analogous to the mammalian effector casapses, and Rsp1-k-2 may act 
as an ‘adapter protein’ like Apaf-1 in plant hypersensitive response-related cell death 
machinery. 
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CHAPTER 1  GENERAL INTRODUCTION 
1. Introduction 
Phytophthora sojae Kaufmann and Gerdemann (syn. Phytophthora megasperma f. sp. 
glycinea Kuan and Erwin), a hemibiotrophic oomycete, is the causal pathogen of stem and 
root rot disease of soybean (Glycine max [L.] Merr). It is one of the most important soybean 
diseases in Midwestern United States and Canada (Wrather et al. 2001). Fifteen Rps 
(Resistance to Phytophthora sojae) genes, mapped to eight loci, have been reported to confer 
race-specific resistance in soybean against more than 50 P. sojae races (Anderson and 
Buzzell 1992a; Burnham et al. 2003; Leitz et al. 2000; Polzin 1994; Sandhu et al. 2004; 
Sandhu et al. 2005; Schmitthenner 1989). Among these Rps genes, Rps1-k has been the most 
stable and widely used one. Despite the economic impact of this pathogen and the academic 
interest in the soybean-Phytophthora sojae interaction, not a single soybean Rps gene has 
been cloned to date. The cloning and characterization of an Rps gene will help to elucidate 
the resistance (R) gene mediated recognition and signaling pathway involved in the 
expression of race-specific resistance in soybean.  
Very little is known about the signaling components essential for disease resistance in 
legume species. Ethylene has been shown to be important for expression of a class of Rps1 
genes in soybean (Hoffmann et al. 1999). Availability of signaling factors for Phytophthora 
resistance in soybean will not only greatly enrich our knowledge in the expression and 
regulation of disease resistance in soybean and extend our insight into the plant-pathogen 
interactions, but also make it feasible to study if the similar signaling pathway is required for 
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the establishment of symbiosis between soybean and Bradyrhizobium japonicum, unique to 
legume species. 
Rps1-k has been mapped previously to a region of about 330 kb, which is physically 
spanned by seven overlapping bacterial artificial chromosome (BAC) clones (Bhattacharyya 
et al. 2005). And it has been suggested that more than one functional gene resides in the 
Rps1-k locus (Hoffman et al. 1999). Therefore, we hypothesize that the Rps1-k locus carries 
multiple functional genes. The primary goal of this project is to isolate the Rps1-k gene, and 
then apply it to understand the recognition and signal transduction processes in the soybean-
P. sojae interaction.  
The specific research objectives carried out in the present study were: 1) 
characterization of the Rps1-k region and isolation of candidate Rps1-k genes; 2) 
identification and characterization of functional Rps1-k genes; 3) isolation and 
characterization of proteins involved in recognition and signal transduction for expression of 
the Rps1-k-specific resistance. 
 
2. Dissertation organization 
This dissertation is presented in an alternative format and is composed of five 
chapters. Presented in Chapter 1 is a general introduction. A literature review of the past and 
current progress in plant disease resistance gene and literatures cited are included. Chapter 2 
is a paper about the isolation and characterization of the disease resistance gene Rps1-k in 
soybean. This paper was published in MPMI Vol. 18. No. 10, 2005, pp. 1035-1045. In this 
study, the work I did includes the following: 1) sequencing of three BAC clones and 
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sequence analysis; 2) detection of candidate Rps1-k-specific transcripts using RT-PCR; 3) 
segregation analysis of resistant and susceptible R1 progenies following infection with 
Phytophthora sojae; 4) study of the selection pressure exerted on the Rps1-k gene family by 
calculating the ratios of nonsynonymous and synonymous substitution rates; 5) phylogenetic 
analysis of Rps1-k and related R gene sequences and resistance gene analogs (RGAs); 6) 
sequencing of cDNA clones and sequence analysis; 7) preparation of the original manuscript 
for Dr. Madan Bhattacharyya to revise.   Chapter 3 presents the work I did on sequencing and 
analysis of the Rps1-k locus. Chapter 4 describes the work on isolation and characterization 
of proteins involved in recognition and signal transduction for expression of the Rps1-k-
specific resistance. In Chapter 4, I also further studied one of the Rps1-k-2-interactors, a type 
II metacaspase. Chapter 5, as a general conclusion chapter, summarizes all the results from 
Chapter 2 to Chapter 4. I alone did all the work presented in Chapter 3, Chapter 4. 
 
3. Literature review 
Constantly being attacked by various pathogens, plants have evolved a network of 
preformed and inducible responses to pathogen invasion. Often disease resistance relies on 
the specific recognition event between a matching pair of the host resistance (R) gene product 
and pathogen-derived avirulence (Avr) determinant. This gene-for gene relationship was first 
described by Flor in the flax and Melampsora lini interaction (Flor 1955; Flor 1956). 
3.1. Plant disease resistance genes 
More than 60 plant disease resistance genes have been cloned and characterized from 
different plant species (Table 1) (Hammond-Kosack and Parker 2003; Martin et al. 2003). 
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These R genes confer resistance to diverse pathogens but share highly conserved structural 
domains/motifs. They can be classified into several distinct groups based mostly on their 
protein structures (Hammond-Kosack and Jones 1996; Hulbert et al. 2001; Martin et al. 
2003). The majority of R genes encode proteins containing nucleotide binding sites (NBS) 
and leucine-rich repeats (LRR) domains. This NB-LRR class can be further divided into two 
subfamilies based on their predicted N-terminal structures. One subfamily (CC-NB-LRR) 
carries a coiled-coil or leucine zipper domain at the N-terminal region (Pan et al. 2000), such 
as RPS2, I2 and RPM1 (Bent et al. 1994; Grant et al. 1995; Mindrinos et al. 1994; Ori et al. 
1997).  Members of the other subfamily (TIR-NB-LRR) contain an N-terminal TIR domain 
showing homology to a domain found in Drosophila Toll and mammalian interleukin-1 
receptors (Hammond-Kosack and Jones 1996; Whitham et al. 1994). N, L6 and RPS4 are 
some of the members that belong to this family (Gassmann et al. 1999; Lawrence et al. 1995; 
Whitham et al. 1994). Pto, Cf, Xa21, Ve, RRS1-R, Rpg1 and Xa27 represent individual 
members of unique classes. Pto confers resistance of tomato to Pseudomonas syringae; it 
encodes a serine/threonine kinase (Martin et al. 1993). The Cf-X (Cf-2, Cf-4, Cf-5 and Cf-9) 
proteins have a transmembrane (TM) domain and an extracellular LRR (Dixon et al. 1998; 
Dixon et al. 1996; Jones et al. 1994; Thomas et al. 1997). Xa21 has a serine/threonine kinase 
region, an extrcellular LRR and a TM domain (Song et al. 1995). The Ve proteins include a 
hydrophobic N-terminal signal peptide, LRR, a hydrophobic membrane-spanning domain, 
and a C-terminal domain with endocytosis signals (Kawchuk et al. 2001). RRS1-R broadly 
belongs to the TIR-NBS-LRR class, although it contains a C-terminal extension with a 
putative nuclear localization signal and a WRKY motif found in some plant transcriptional 
factors; and unusually it is genetically recessive (Deslandes et al. 2002). The barley stem 
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rust-resistance Rpg1 protein is novel in that it harbors two tandem protein kinase domains 
(Brueggeman et al. 2002). The newly cloned rice Xa27 protein has no known homologues 
found in other organisms (Gu et al. 2005). 
3.1.1. Disease resistance gene organization 
Plant R genes are found to reside either at a single locus with one or multiple alleles 
or being organized as tightly linked gene clusters. The best-characterized single R gene locus 
is the L locus of flax; 13 alleles (L, L1-L11 and LH) have been identified with each 
conferring a distinct race-specific rust resistance (Ellis et al. 1999). Among the alleles L3 and 
L10 were identical. Their different race-specificities may be due to the variation in genetic 
backgrounds between L3 and L10 lines. L4 differed from L3 and L10 only by a single 
nonsynonymous substitution (Ellis et al. 1999). The RPP13 (Recognition of Peronospora 
parasitica 13) locus in Arabidopsis represents another example of a single locus. Sequence 
comparison of RPP13-Nd, RPP13-Rld and RPP13-col revealed that they are highly similar 
over the LZ (leucine zipper) and NBS domains, while the LRR domain is diverged (Bittner-
Eddy et al. 2000). In fact, RPP13 is a locus having the most number of polymorphic alleles 
identified to date in Arabidopsis thaliana: alleles from 19 accessions of Arabidopsis (out of 
24) have extreme polymorphisms in the LRR domain (Rose et al. 2004). Both RPM1 
(resistance to Pseudomonas syringae pathovar pv maculicola) and RPS2 (resistance to 
Pseudomonas syringae pv. tomato) were mapped to a single locus, and RPM1 has no related 
homolog in susceptible lines (Bent et al. 1994; Grant et al. 1995; Mindrinos et al. 1994). 
Alleles at the RPS2 locus showed unusually high level of sequence polymorphisms 
implicating a rapid rate of evolution (Caicedo et al. 1999; Stahl et al. 1999). 
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The most frequently seen scenario of R gene arrangement is that they often occur in 
clusters, and genes within one cluster are mostly derived from a common ancestor (Richly et 
al. 2002). This clustering feature can facilitate the expansion of R gene numbers and the 
generation of new R gene specificities through recombination and positive selection 
(Michelmore and Meyers 1998). Study of multiple, genetically linked R gene families has 
provided insight into the molecular mechanisms of R gene evolution and the generation of 
novel recognition specificity. The rice Xa21 locus has seven family members within a 230-kb 
region (Song et al. 1997). The I2 family in tomato consists of seven members residing in a 90 
kb region (Simons et al. 1998). The tomato resistance locus Cf-2 contains two functional 
genes that are almost identical except for only three amino acid residues (Dixon et al. 1996). 
The tomato Cf5 locus has six homologs showing allelic variation in leucine-rich repeat copy 
number (Dixon et al. 1998). Both Cf4 and Cf9 loci comprised of four additional tandemly 
duplicated homologous genes within a 36-kb region (Parniske et al. 1997). The flax M locus 
has approximately 15 related genes with only one encoding the M-resistance specificity 
(Anderson et al. 1997). The Rp1 rust resistance locus in maize has nine papalogues, providing 
a good example of unequal recombination at a complex locus (Hulbert et al. 2001). In species 
with a low gene density members of a gene family are often far apart. The RGC2 (Dm3) 
family of lettuce spans at least 3.5 Mb. The estimated distance between members of RGC2 
family is at least 120 kb (Meyers et al. 1998). The tomato Pto locus carries five genes that are 
evidently not evolved from recent gene duplication. Aside from Pto, an unrelated NBS-LRR 
gene Prf required for Pto-mediated resistance is also located within this locus (Martin et al. 
1993; Salmeron et al. 1996). Some complex resistance gene loci carry related but highly 
polymorphic sequences. Three distinct CC-NBS-LRR gene families were identified in the Mla 
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locus within a 240-kb region (Wei et al. 1999; Wei et al. 2002). In addition to these studies on 
cloned functional R genes, resistance gene analogues (RGAs) identified from different plant 
species also showed the clustering feature (Aarts et al. 1998a; Graham et al. 2002a; Irigoyen 
et al. 2004; Kanazin et al. 1996; Leister et al. 1996; Monosi et al. 2004; Shen et al. 1998). 
3.2. Recognition and signal transduction 
3.2.1. Function of R protein structural domains 
Highly conserved domains across a large number of R genes raises a question 
regarding the possible unique functions of individual domains. 
All cloned race- or cultivar-specific R genes except Pto, Rpg1 and Xa27 encode LRR-
containing proteins (Brueggeman et al. 2002; Gu et al. 2005; Martin et al. 1993). LRR 
domains have been shown to be involved in protein-protein interactions (Kobe and Kajava 
2001). The LRR domain of R proteins has been shown to be involved in race-specificity 
determination. The different recognition specificities of R proteins in tomato (Cf-4 and Cf-9) 
are determined by differences within the N-terminal 454 amino acids comprising most of the 
LRR domain (Thomas et al. 1997). L6 and L11 alleles of the flax rust resistance gene L show 
different race-specificities. They are identical over the first 620 amino acids and differ only in 
the LRR region (Ellis et al. 1999). In vitro sequence exchange among alleles of the L locus 
and reciprocal swaps between the nonfunctional Mi-1.1 gene and the functional nematode 
resistance gene, Mi-1.2, provide direct evidence for LRR as the major determinant of race-
recognition (Ellis et al. 1999; Hwang et al. 2000). Studies of non-synonymous (Ka) and 
synonymous (Ks) nucleotide substitution rates in LRR domains suggest that LRR units are 
subjected to diversifying selection. Considerable amounts of variation in sequence and repeat 
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numbers in the LRR region provide a good resource for generation of new recognition-
specificities (Anderson et al. 1997; Botella et al. 1998; Dixon et al. 1998; Ellis et al. 1999; 
Parker et al. 1997). Mutation analyses suggest that LRR domain is not required for HR caused 
by overexpression of the Arabidopsis RPS2 protein (Tao et al. 2000).  However, a single 
amino acid change in the LRR domain of the Arabidopsis RPS5 gene resulted in the 
suppression of functions of multiple R genes. Recently, the LRR domains of some R proteins 
were shown to interact directly with proteins such as SGT1 and HSP90 (de la Fuente van 
Bentem et al. 2005; Leister et al. 2005). These suggest a possible signaling role of the LRR 
domain in disease resistance (Warren et al. 1999). 
The amino terminal TIR- or CC-NB domains are likely the major players for signaling 
in NB-LRR R proteins. In Arabidopsis, the requirement of distinct downstream signaling 
components, NDR1 and EDS1, for CC-NB-LRR and TIR-NB-LRR R proteins, respectively, 
suggests signaling roles of TIR and CC domains in the expression of disease resistance (Aarts 
et al. 1998b; Martin et al. 2003). This biased specific requirement is further supported by the 
identification of an EDS1 homologue from tomato, where the Le-EDS1 is essential for the 
TIR-NB-LRR type R proteins, but not for the CC-NB-LRR type (Hu et al. 2005). 
Mutagenesis experiments have revealed that the NBS and TIR or CC domains are critical for 
R protein function (Axtell et al. 2001; Dinesh-Kumar et al. 2000; Tao et al. 2000; Tornero et 
al. 2002). For example, deletion of TIR and point mutations in the NBS domain of the tobacco 
N protein resulted in dominant negative mutant proteins that suppress the function of the 
wild-type N protein (Dinesh-Kumar et al. 2000). A large-scale, structure-function analysis of 
the Arabidopsis RPM1 suggested that the NBS plays a key role either in the stability of 
RPM1 or development of HR following activation of RPM1 (Tornero et al. 2002). The NBS 
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domain is comprised of two sub-domains, NB and ARC (Apaf-1, apoptosis protease 
activating factor-1, R gene products and CED-4). N-terminal sub-domain NB contains kinase 
1a (P-loop), kinase 2 and kinase 3a motifs, which are necessary for nucleotide binding (Traut 
1994). The C-terminal, sub-domain, ARC, is conserved in most plant and animal NBS-
containing proteins. These motifs are commonly found in ATPase, elongation factors and G-
proteins that play vital roles in cell growth, cell death and defense responses of both 
prokaryotes and eukaryotes (Aravind and Koonin 1999; Van der Biezen and Jones 1998). 
Apaf1, the mammalian homologue of the nematode, Caenorhabditis elegans CED-4, 
mediates caspase-9 activation and apoptosis (Hickman and Helin 2002). Self association of 
Apapf1 and recruitment of procaspase-9 requires dATP/ATP hydrolysis and cytochrome c 
binding to Apapf1 (Hu et al. 1999). The structural relationship linking Apaf-1 and plant NB-
LRR R gene products implies that NB-LRR proteins may bind ATP and function as ATPase. 
Tomato I-2 and Mi-1 proteins have been shown to be functional ATP-binding proteins with 
ATPase activity (Tameling et al. 2002).  
In potato, the functional Rx protein could be reassembled in vivo through co-
expression of either CC-NBS and LRR domains or CC and NBS-LRR domains. The 
complementing pairs were shown to interact physically in the absence but not in presence of 
the elicitor. These results indicated that intramolecular interactions of Rx are disrupted upon 
elicitor recognition leading to the activation of signal transduction pathway for the expression 
of disease resistance (Moffett et al. 2002). Reciprocal domain swapping experiments between 
tomato Mi-1.1 and Mi-1.2 proteins also suggested intramolecular interaction between the 
amino-terminal domain, NT-1, and LRR is essential for hypersensitive response (HR) 
(Hwang et al. 2000; Hwang and Williamson 2003). Like Rx, intramolecular interaction was 
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seen in the pepper Bs2 protein recently. Unlike Rx, however, the intramolecular interaction 
maintains undisrupted in the presence of elicitor. Additionally, the intramolecular interaction 
of Bs2 is SGT-dependent, where SGT interacts directly with the LRR domain of Bs2 (Leister 
et al. 2005). Over all, these studies imply that physical interactions between sub-domains are 
important for NB-LRR R proteins function. 
3.2.2. Components participating in R-Avr protein interaction  
The cloning of resistance genes and their corresponding avirulence genes has allowed 
testing of the interactions between R and Avr proteins, and has also facilitated our 
understanding of how R proteins function. However, our knowledge of the molecular 
mechanisms of R-Avr recognition and downstream activation remain limited. It was 
previously proposed that plant R and pathogen Avr proteins interact directly. Despite the 
efforts trying to prove this model, the available data indicated it is rather a rare case. 
Molecular evidence supporting this model has been shown only for four plant-pathogen 
interactions (Deslandes et al. 2003; Dodds et al. 2006; Jia et al. 2000; Scofield et al. 1996; 
Tang et al. 1996). Alternative guard hypothesis was put forward to explain the rareness of 
direct interactions between R and Avr proteins. In the guard hypothesis, a host target of Avr 
protein aside the R proteins is involved in the host-pathogen interaction; the Avr protein 
interacts with the host target and the R protein monitors the status of the host target and 
initiates defense responses (Dangl and Jones 2001; Holt et al. 2003; Mackey et al. 2002; 
Rooney et al. 2005; Van der Hoorn et al. 2002). Most likely, multiple mechanisms exist for 
determining race-specific host responses, and multiple proteins participate in pathogen 
recognition and signal transduction. 
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Genetic as well as molecular genetic approaches have been employed in the search 
for components participating in R gene-mediated specific resistance. Genetic screening of 
mutagenized populations identified a limited number of signal transduction mutants. They 
include rar1 and rar2 (required for Mla12 resistance) from barley (Jorgensen 1996), rcr1 
(required for Cladosporium resistance), rcr2, rcr3 and prf of tomato (Dixon et al. 2000; 
Hammond-Kosack et al. 1994; Salmeron et al. 1996), ndr1 (nonrace-specific disease 
resistance), eds1 (enhanced disease susceptibility), pad4 (phytoalexin-deficient mutant), 
pbs1 (avrPphB susceptible), pbs2 and pbs3 of Arabidopsis (Century et al. 1995; Glazebrook 
et al. 1997; Parker et al. 1996; Warren et al. 1999). A yeast two-hybrid system has been 
successful in isolating disease resistance signaling components. A novel protein At-RSH was 
shown to interact with the NB-ARC domain of RPP5 (van der Biezen et al. 2000). RIN4 was 
identified through yeast two-hybird screening with the effector AvrB as the bait (Mackey et 
al. 2002). SGT1 was isolated as a RAR1 interactor (Azevedo et al. 2002). 
Among the components identified, some are involved in specific R gene-mediated 
disease resistance, indicating that they are possible players in pathogen recognition. Rcr3 is 
specifically required for Cf-2-mediated resistance in tomato (Dixon et al. 2000). Rcr3 
encodes a cysteine protease and presumably plays a signaling role upstream of pathogen 
recognition (Kruger et al. 2002). Rooney et al. (2005) recently showed that Rcr3 is a target 
of Avr2, they interact physically and Avr2 alone could inhibit the cystein protease activity of 
Rcr3. The inhibition of Rcr3 by Avr2 itself cannot efficiently initiate Cf-2-mediated HR, 
therefore they propose that a conformational change may be induced in Rcr3 by the 
inhibition (Rooney et al. 2005). PBS1 encodes a serine/threonine kinase and is required for 
RPS5 function. The cleavage of PBS1 by the avirulence protein AvrPphB activates the 
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RPS5-mediated resistance, and the cleavage of PBS is independent of RPS5 (Shao et al. 
2003). RIN4 was identified as a binding partner of the avirulence protein AvrB in 
Arabidopsis (Mackey et al. 2002). It is essential for RPM1- and RPS2-mediated resistances 
and it positively regulates the RPM1 function, while its elimination initiates the RPS2-
dependent hypersensitive cell death. RIN4 appears to interact not only with AvrB but also 
with RPM1, RPS2, AvrRpm1 and AvrRpt2 (Axtell and Staskawicz 2003; Mackey et al. 2003; 
Mackey et al. 2002). As a target for at least three bacterial effectors, RIN4 may act as a basal 
defense regulator and being targeted by different effectors to benefit pathogen growth. 
Alternatively, RIN4- or PBS-like protein may act to prevent cell death caused by R proteins. 
Upon pathogen recognition, R protein directed resistance is activated through modification 
or cleavage of RIN4- or PBS- like protein by the cognate Avr protein.  Both PBS1 and RIN4 
are shown to be upstream of the recognition process encoded by the R genes. A speculation 
is that PBS1- and RIN4-like proteins may be common factors against many effector proteins 
recognized by a limited number of R genes (Shao et al. 2003). Indirect interaction between 
plant R proteins and pathogen Avr proteins may be beneficial for the host, because under this 
scenario it is more difficult for the virulence effector to evolve according to the R protein 
change than that in a direct interaction. Therefore, seeking targets for the pathogen Avr 
protein can help us better understand plant disease recognition and signal transduction. 
Most of the signaling components found are required in multiple R genes-mediated 
resistance. Both Arabidopsis EDS1 and PAD4 genes encode lipase-like proteins (Falk et al. 
1999; Glazebrook et al. 1997; Jirage et al. 1999; Parker et al. 1996). They are required by the 
same spectrum of TIR-NBS-LRR type R genes, while playing distinct roles in signal 
transduction (Aarts et al. 1998b; Feys et al. 2001). NDR1, on the other hand, mediates signal 
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pathways initiated by many CC-NBS-LRR-type R genes (Aarts et al. 1998b; Century et al. 
1995). Rar1 and Rar2 were found through mutational screening of loci required for Mla 
resistance (Jorgensen 1996; Torp and Jørgensen 1986). Mutational screens for genes required 
in RPM1-mediated recognition and signal transduction identified AtRAR1, the Arabidopsis 
ortholog of barley RAR1, and it is allelic to the previously identified PBS2 (Warren et al. 
1999). Homolog of Rar1 in Nicotiana benthamiana plays a conserved role for the N gene 
function (Liu et al. 2002a). Thus, RAR1 acts as an early common player in mediating 
resistance for multiple diverse R genes. Rar1 interacts with SGT1, ortholog of an essential 
regulator SGT1 for cell cycle in yeast (Azevedo et al. 2002). Arabidopsis sgt1b mutants and 
SGT1 gene-silencing experiments in barley and N. benthamiana provided multiple evidences 
for a role of SGT1 in R-gene mediated resistance (Austin et al. 2002; Azevedo et al. 2002; 
Shen et al. 2003; Tör et al. 2002). Both SGT1 and the RAR1-SGT1 complex interact with a 
ubiquitin ligase complex, which indicate that they may be involved in disease resistance 
related protein degradation pathways (Azevedo et al. 2002; Liu et al. 2002b; Peart et al. 
2002). However, it is unknown whether this ubiquitin pathway functions upstream or 
downstream of or parallel to the R-Avr recognition. The SGT1 protein carries a TPR domain 
for binding heat shock protein 90 (HSP90) (Stemmann et al. 2002). In 2003, several papers 
highlighted the role HSP90 in plant innate immune response (Hubert et al. 2003; Liu et al. 
2004; Takahashi et al. 2003). HSP90 was identified as an interacting partner of RAR1 and 
SGT1 in Arabidopsis, it is essential for RPS2- but not RPM1-dependent resistance 
(Takahashi et al. 2003). A possible role for the HSP90 complex with RAR1 and SGT1 could 
be the regulation of the stability of proteins participating in disease resistance, most possibly 
the R protein itself. The connection between the HSP90 protein and the ubiquitin-dependent 
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protein degradation, and the targets of the protein degradation pathway remain to be 
determined. 
3.3. Soybean-Phytophthora sojae Interaction  
Soybean (Glycine max L. Merr) is a major oil seed crop grown across the world. The 
United States alone meets over half of the world consumption. Pytophthora sojae is a 
hemibiotrophic oomycete. More than fifty races of this pathogen have been reported and new 
races are rapidly evolving (Leitz et al. 2000). Root and stem rot caused by this pathogen is 
the number two destructive soybean disease in the United States (Wrather et al. 2001). In 
North America, soybean annually suffers yield loss valued at about 300 million dollars 
(Wrather et al. 2001). Use of resistance conferred by single dominant Rps genes has been 
providing reasonable protection of soybean against this pathogen for the last four decades.  
Fifteen Rps genes have been reported that confer race-specific resistance to different 
races of P. sojae (Anderson and Buzzell 1992b; Burnham et al. 2003; Polzin 1994; Sandhu et 
al. 2004; Sandhu et al. 2005; Schmitthenner 1989). The Rps1 region carries five alleles Rps1-
a, Rps1-b, Rps1-c, Rps1-d and Rps1-k, one of which, Rps1-k, confers resistance to most races 
of P. sojae, and has been widely used for the past two decades (Schmitthenner et al. 1994). 
Several soybean genetic maps have been developed with various molecular markers, and 
many Rps genes have been mapped to the genetic map (Cregan et al. 1999). SSR markers 
linked to the Rps1 to Rps6 loci but Rps5 have been identified, and it has been clearly 
established that the Rps1, Rps2, Rps3 loci belong to the SSR linkage groups N, J and F, 
respectively, while and Rps4, Rps5 and Rps6 are linked to the linkage group G (Demirbas et 
al. 2001). So far, efforts to clone soybean R genes have been focused on isolation of 
resistance gene analogs (RGA), which can be applied in physical mapping and used as 
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candidate genes in positional cloning of functional R genes (Graham et al. 2002a; Penuela et 
al. 2002). High resolution maps of Rps1-k, Rpg1 (resistance to Pseudomonas syringae pv. 
glycinea ) and Rsv1 (resistance to Soybean mosaic virus) have been developed (Ashfield et al. 
1998; Gore et al. 2002; Hayes et al. 2004; Kasuga et al. 1997). Despite these extensive efforts 
and the economic importance of disease resistance in soybean, the progress toward cloning R 
genes in soybean has been very slow. This is primarily because of the complexity of the 
soybean genome for positional cloning experiments and difficulties associated with 
transformation procedures for gene identification.  Candidate genes for Rsv1, Rps2 and Rps4 
have recently been reported (Graham et al. 2002b; Hayes et al. 2004; Sandhu et al. 2004). 
Rpg1-b that confers bacterial resistance has recently been isolated (Ashfield et al. 2004). No 
other R genes from any legume species have been cloned.  
Likewise, single dominant avirulence genes from P. sojae corresponding to eleven of 
the Rps genes have been mapped. Several Avr genes of P. sojae are found to cosegregate, for 
example, Avr1b and Avr1k, Avr4 and Avr6 (MacGregor et al. 2002; Tyler 2002; Whisson et 
al. 1995). However, only Avr1b has been cloned (Shan et al. 2004; Tyler 2002).  
The genetics of the soybean-Phytophthora interaction follows the gene-for-gene 
hypothesis (Flor 1955; Flor 1956). In infected soybean with P. sojae, the compatible and 
incompatible interactions are established within the first few hours of inoculation (Cahill and 
Ward 1989; Enkerli et al. 1997; Ward et al. 1989). Some of the genes participating in the 
phenylpropanoid pathway are rapidly activated following inoculation in the resistant 
response (Bhattacharyya and Ward 1988; Ebel and Grisebach 1988; Esnault et al. 1987). 
Isoflavone synthase (IFS) I is a key enzyme involved in the biosynthesis of isoflavones and 
isoflavonoid phytoalexins. It has been shown that down-regulation of soybean IFSs by RNA 
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interference (RNAi) resulted in susceptibility to P. sojae (Subramanian et al. 2005). This 
study has established not only the importance of legume phytoalexins in Phytophthora 
resistance, but also the applicability of RNAi for functional analyses of genes in soybean. 
The soybean-P. sojae interaction is one of the most extensively studied host-pathogen 
interactions (Tyler 2002). Compared with the progress in the other plant-pathogen systems, 
however, study of signal transduction in soybean-Phytphthora interaction is far behind. The 
isolation of an Rps gene and signaling components for Phytophthora resistance will 
significantly contribute to our understanding of the soybean-P. sojae interaction and overall 
plant-pathogen interactions. 
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Table 1. Cloned plant disease resistance genes  
R gene Plant Pathogen(s)/Elicitor Predicted Structure 
of R protein 
Avr protein(s) Approaches applied  References 
Hm1 Maize Cochliobolus carbonum 
(Fungus) 
NADPH-dependent HC 
toxin reductase  
 Transposon-induced 
mutagenesis 
 
(Johal and Briggs 1992) 
Pto Tomato Pseudomonas syringae 
(Bacterium) 
Serine/Threonine 
kinase 
AvrPto, 
AvrPtoB 
Map-based cloning (Kim et al. 2002; 
Martin et al. 1993; 
Ronald et al. 1992) 
RPS2 Arabidopsis Pseudomonas syringae 
(Bacterium) 
CC-NB-LRR 
 
AvrRpt2 Map-based cloning (Bent et al. 1994; 
Mindrinos et al. 1994; 
Whalen et al. 1991) 
RPM1 Arabidopsis Pseudomonas syringae 
(Bacterium) 
CC-NB-LRR AvrRpm1, 
AvrB 
Map-based cloning  
 
(Debener et al. 1991; 
Grant et al. 1995; 
Tamaki et al. 1988) 
I2 Tomato Fusarium oxysporum f sp 
lycopersici  
(Fungus) 
CC-NB-LRR  Map-based cloning 
 
(Ori et al. 1997; Simons 
et al. 1998) 
Mi Tomato Meloidogyne incognita 
(Root-knot nematode), 
Macrosiphum euphorbiae 
(Aphid)  
CC-NB-LRR  Combining positional 
cloning with a 
candidate gene 
approach  
(Milligan et al. 1998; 
Rossi et al. 1998; Vos 
et al. 1998) 
RPP8 Arabidopsis Peronospora parasitica 
(Oomycete) 
CC-NB-LRR  Map-based cloning  
 
(McDowell et al. 1998) 
RPS5 Arabidopsis Pseudomonas syringae 
(Bacterium) 
CC-NB-LRR AvrPphB Map-based cloning  
 
(Jenner et al. 1991; 
Warren et al. 1998) 
Xa1 Rice Xanthomonas oryzae 
(Bacterium) 
CC-NB-LRR  Map-based cloning  
 
(Yoshimura et al. 1998) 
Rx1 Potato Potato virus X (PVX) 
(Virus) 
CC-NB-LRR Coat protein Map-based cloning  
 
(Bendahmane et al. 
1999; Bendahmane et 
al. 1995) 
Rp1 Maize Puccinia sorghi 
 (Fungus) 
CC-NB-LRR  Two independent 
transposon-tagging 
approaches 
(Collins et al. 1999) 
Bs2 Pepper Xanthomonas campestris 
(Bacterium) 
CC-NB-LRR AvrBs2 Map-based cloning  
 
(Minsavage et al. 1990; 
Tai et al. 1999) 
Pib Rice Magnaporthe grisea 
(Fungus) 
CC-NB-LRR  Map-based cloning  
 
(Wang et al. 1999) 
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Table 1. (continued) 
R gene Plant Pathogen(s) Predicted Structure 
of R protein 
Avr protein(s) Approaches applied  References 
Rx2 Potato Potato virus X (PVX) 
(Virus) 
CC-NB-LRR Coat protein PCR-based approach 
and Agrobacterium 
transient expression 
assay 
(Bendahmane et al. 
2000; Querci et al. 
1995) 
RPP13 Arabidopsis Peronospora parasitica 
(Oomycete) 
CC-NB-LRR ATR13 Map-based cloning (Allen et al. 2004; 
Bittner-Eddy et al. 
2000)] 
Sw5 Tomato Tomato spotted wilt virus 
(Virus) 
CC-NB-LRR  Map-based cloning  (Brommonschenkel et 
al. 2000) 
Pi-ta Rice Magnaporthe grisea 
(Fungus) 
CC-NB-LRR AVR-Pita Map-based cloning  (Bryan et al. 2000; 
Orbach et al. 2000) 
HRT Arabidopsis Turnip Crinkle Virus 
 (Virus) 
CC-NB-LRR Coat protein Map-based cloning  
 
(Cooley et al. 2000) 
Gpa2 Potato Globodera pallida 
(Cyst nematode) 
CC-NB-LRR  Map-based cloning  
 
(van der Vossen et al. 
2000) 
Mla6 Barley Blumeria graminis 
(Fungus) 
CC-NB-LRR  Combining positional 
cloning with a 
candidate gene 
approach  
(Halterman et al. 2001) 
Mla1 Barley Blumeria graminis 
(Fungus) 
CC-NB-LRR  Transient single-cell 
expression of 
candidate genes 
 
(Zhou et al. 2001) 
R1 Potato Phytophthora infestans 
(Oomycete) 
CC-NB-LRR  Combining positional 
cloning with a 
candidate gene 
approach  
(Ballvora et al. 2002) 
Hero Potato Globodera rostochiensis 
(Cyst nematode) 
CC-NB-LRR  Map-based cloning  (Ernst et al. 2002) 
Dm3 Lettuce Bremia lactucae 
(Oomycete) 
CC-NB-LRR   (Meyers et al. 1998; 
Shen et al. 2002) 
Tm-22 Tomato Tomato mosaic virus 
(Virus) 
CC-NB-LRR  Transposon-tagging 
 
(Lanfermeijer et al. 
2003) 
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Table 1. (continued) 
R gene Plant Pathogen(s) Predicted Structure 
of R protein 
Avr protein(s) Approaches applied  References 
Lr10 Wheat Puccinia triticina 
(Fungus) 
CC-NB-LRR  Combination of 
subgenome map-
based cloning and 
haplotype studies in 
the genus Triticum 
(Feuillet et al. 2003) 
RB Potato Phytophthora infestans 
(Oomycete) 
CC-NB-LRR  Map-based approach 
in combination with a 
long-range (LR)-PCR 
(Song et al. 2003) 
RPI-BLB1 Potato Phytophthora infestans 
(Oomycete) 
CC-NB-LRR  Positional cloning (van der Vossen et al. 
2003) 
 RPG1-B Soybean Pseudomonas syringae 
(Bacterium) 
CC-NB-LRR AvrB Map-based cloning (Ashfiled et al. 2004) 
FOM-2 Melon Fusarium oxysporum  
(Fungus) 
CC-NB-LRR  Map-based cloning (Joobeur et al. 2004) 
Rps1-k Soybean Phytophthora sojae 
(Oomycete) 
CC-NB-LRR  Map-based cloning (Gao et al. 2005) 
R3a Potato Phytophthora infestans 
(Oomycete) 
CC-NB-LRR  Comparative 
genomics 
(Huang et al. 2005) 
Pi9 Rice Magnaporthe grisea 
(Fungus) 
CC-NB-LRR  Map-based cloning (Qu et al. 2006) 
Rpi-blb2 
 
Potato Phytophthora infestans 
(Oomycete) 
CC-NB-LRR  Positional cloning (van der Vossen et al. 
2005) 
Pm3b Wheat Powdery mildew 
(Fungus) 
CC-NB-LRR  Positional cloning 
through combined 
analysis of genomes 
from wheat species 
with different ploidy 
levels 
(Srichumpa et al. 2005) 
N 
 
Tobacco 
 
Tobacco mosaic virus 
(Virus) 
 
TIR-NB-LRR Helicase Transposon-tagging 
 
(Padgett and Beachy 
1993; Whitham et al. 
1994) 
L6 Flax Melampsora lini 
(Fungus) 
TIR-NB-LRR  Transposon-tagging (Lawrence et al. 1995) 
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Table 1. (continued) 
R gene Plant Pathogen(s) Predicted Structure 
of R protein 
Avr protein(s) Approaches applied  References 
M Flax Melampsora lini 
(Fungus) 
TIR-NB-LRR  Two separate 
approaches, analysis 
of spontaneous M 
mutants and 
transposon-tagging 
(Anderson et al. 1997) 
RPP5 Arabidopsis Peronospora parasitica 
(Oomycete) 
TIR-NB-LRR  Map-based cloning 
 
(Parker et al. 1997) 
RPP1 Arabidopsis Peronospora parasitica 
(Oomycete) 
TIR-NB-LRR  Map-based cloning (Botella et al. 1998) 
RPS4 Arabidopsis Pseudomonas syringae 
(Bacterium) 
TIR-NB-LRR AvrRps4 Map-based cloning (Gassmann et al. 1999; 
Hinsch and Staskawicz 
1996) 
P2 Flax Melampsora lini 
(Fungus) 
TIR-NB-LRR  Transposon-tagging 
 
(Dodds et al. 2001) 
RPP4 Arabidopsis Peronospora parasitica, 
Downy mildew 
(Oomycete) 
TIR-NB-LRR  Positional cloning 
with a candidate gene 
approach 
(van der Biezen et al. 
2002) 
RAC1 Arabidopsis Albugo candida 
(Oomycete) 
TIR-NB-LRR  Positional cloning (Borhan et al. 2004) 
Gro1-4 Potato Globodera rostochiensis 
(Nematode) 
TIR-NB-LRR  Candidate gene 
approach 
(Paal et al. 2004) 
Bs4 Tomato Xanthomonas campestris 
(Bacterium) 
TIR-NB-LRR AvrBs4 Positional cloning (Schornack et al. 2004) 
RRS1-R Arabidopsis Ralstonia solanaceaurm 
(Bacterium) 
TIR-NB-LRR-NLS-
WRKY 
PopP2 Positional cloning  
 
(Deslandes et al. 2003; 
Deslandes et al. 2002) 
Lr21 Bread wheat Puccinia triticina 
(Fungus) 
NBS-LRR with a 
unique 151-amino-acid 
sequence missing from 
known NBS-LRR 
proteins at the N 
terminus 
 Map-based cloning (Huang et al. 2003) 
Cf-9 Tomato Cladosporium fulvum 
(Fungus) 
Extracelluar LRR-TM 
and short cytoplamis C 
terminus 
Avr9 Transposon-tagging (Jones et al. 1994; Van 
Kan et al. 1991) 
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Table 1. (continued) 
R gene Plant Pathogen(s) Predicted Structure 
of R protein 
Avr protein(s) Approaches applied  References 
Cf-2 Tomato Cladosporium fulvum 
(Fungus) 
Extracelluar LRR-TM 
and short cytoplamis C 
terminus 
Avr2 Positional cloning (Dixon et al. 1995; 
Dixon et al. 1996; 
Luderer et al. 2002) 
Cf-4 Tomato Cladosporium fulvum 
(Fungus) 
Extracelluar LRR-TM 
and short cytoplamis C 
terminus 
Avr4 Positional cloning 
and identification of 
recombinants 
between Cf gene 
homologs 
(Joosten et al. 1994; 
Takken et al. 2000; 
Thomas et al. 1997) 
Cf-5 Tomato Cladosporium fulvum 
(Fungus) 
Extracelluar LRR-TM 
and short cytoplamis C 
terminus 
 Positional cloning 
and identification of 
recombinants 
between Cf gene 
homologs 
(Dickinson et al. 1993; 
Dixon et al. 1998) 
HcrVf2 Apple Venturia inaequalis 
(Fungus) 
Extracelluar LRR-TM 
and short cytoplamis C 
terminus 
 Positional cloning (Belfanti et al. 2004) 
Rpp27 Arbidopsis Peronospora parasitica 
(Oomycete) 
Extracelluar LRR-TM 
and short cytoplamis C 
terminus 
 Map-based cloning (Tör et al. 2004) 
Xa21 Rice Xanthomounas oryzae 
(Bacterium) 
Extracellular LRR-TM 
kinase 
 Positional cloning (Song et al. 1995) 
HS1pro-1 Beet Heterodera schachtii 
(Cyst nematode) 
Protein with imperfect 
leucine-rich repeats and 
a putative membrane-
spanning segment 
 Applying genome-
specific satellite 
markers and 
chromosomal break-
point analysis 
(Cai et al. 1997) 
Xa26 Rice Xanthomounas oryzae 
(Bacterium) 
Extracellular LRR-TM 
kinase 
 Map-based cloning  (Sun et al. 2004) 
mlo Barley Erysiphe graminis 
(Fungus) 
Membrane-anchored 
protein by at least six 
membrane-spanning 
helices 
 Positional cloning (Buschges et al. 1997; 
Simons et al. 1997) 
Ve1 
Ve2 
Tomato Verticillium alboatrum 
(Fungus) 
CC-LRR-TM-ECS 
LRR-TM-PEST-ECS 
 Positional cloning (Kawchuk et al. 2001) 
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Table 1. (continued) 
R gene Plant Pathogen(s) Predicted Structure 
of R protein 
Avr protein(s) Approaches applied  References 
       
LeEix1  
LeEix2 
Tomato Ethylene-inducing 
xylanase (fungal protein) 
LZ-LRR-TM-ECS  Map-based cloning (Ron and Avni 2004) 
RTM1 
 
Arabidopsis Tobacco etch virus 
(Virus) 
Similar to the lectin 
jacalin with a jacalin 
repeat 
 Map-based cloning (Chisholm et al. 2000) 
RTM2 Arabidopsis Tobacco etch virus 
(Virus) 
Heat-shock like protein  Map-based cloning (Whitham et al. 2000) 
Rpg1 Barley Puccinia graminis 
(Fungus) 
Receptor kinase-like 
protein with two 
tandem protein kinase 
domains 
 Positional cloning (Brueggeman et al. 
2002) 
Rpw8.1 
Rpw8.2 
Arabidopsis A broad range of powdery 
mildew pathogens 
Small membrane 
protein with CC domain 
 Positional cloning (Xiao et al. 2003) 
Xa27 Rice Xanthomonas oryzae 
(Bacterium) 
No discernible 
sequence similarity to 
other R proteins 
Avr27 Map-based cloning (Gu et al. 2005) 
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CHAPTER 2  TWO CLASSES OF HIGHLY SIMILAR COILED COIL-
NUCLEOTIDE BINDING-LEUCINE RICH REPEAT GENES 
ISOLATED FROM THE Rps1-k LOCUS ENCODE PHYTOPHTHORA 
RESISTANCE IN SOYBEAN 
A paper published in MPMI  
Hongyu Gao, Narayanan N. Narayanan, Lori Ellison, and Madan K. Bhattacharyya 
 
A series of single genes protect soybean from the root and stem disease caused by the 
oomycete pathogen Phytophthora sojae. In the last two decades Rps1-k has been the most 
stable and widely used Phytophthora resistance gene for the major soybean-producing 
regions of the United States. Four highly similar genes encoding coiled coil-nucleotide 
binding-leucine rich repeat (CC-NB-LRR)-type proteins were isolated from the Rps1-k locus. 
These genes were grouped into two classes based on their sequence identity. Class I contains 
three genes with identical open reading frames (ORF) and 5’ end regions. Two of these genes 
were also identical at the 3’ untranslated regions; the third gene showed a recombination 
breakpoint in the 3’ untranslated region resulting in the combination of 3’ end sequences of 
members from both classes. Reverse transcription-polymerase chain reaction analyses 
suggested that members of both classes of genes are transcribed at low levels. Representative 
members from each gene class were expressed in transgenic soybean plants. Analyses of 
independent Ro, R1, R2 and R3 progeny populations suggested that both gene classes confer 
Phytophthora resistance in soybean. A possible evolutionary mechanism for the Class I gene 
family is proposed. 
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INTRODUCTION 
Constantly under attack by various pathogens, plants have evolved a network of 
preformed and inducible responses against pathogen invasion (Hammond-Kosack and Jones 
1996). Active defense responses are induced following the recognition of pathogenic isolates 
by host resistance (R) genes.  Proteins encoded by R genes are thought to recognize pathogen 
proteins encoded by avirulence (Avr) genes. The recognition between matching pairs of host 
and pathogen genes was first described by Flor (1955) in the flax and Melampsora lini 
interaction. Over 40 R genes have been cloned and characterized, and based on their 
predicted protein structures, cloned R genes can be broadly classified into several large 
groups (Hulbert et al. 2001; Martin et al. 2003). The majority of R proteins contain 
nucleotide binding (NB) and leucine-rich repeat (LRR) domains. The NB-LRR group can be 
further divided into three classes: (i) Class I genes carry an N-terminal coiled-coil or leucine 
zipper domain; (ii) Class II genes contain a toll interleukin 1 receptor domain showing 
homology to a domain found in Drosophila Toll and mammalian interleukin-1 receptors, and 
(iii) Class III includes NB-LRR genes with unusual functional motifs such as RRS1-R and 
LR21 (Deslandes et al. 2002; Huang et al. 2003; Pan et al. 2000; Whitham et al. 1994). 
Cloning and characterization of a large number of R genes have shown no association 
between R gene structures and types of encoded resistance. For example, CC-NB-LRR-type 
R genes from various plant species confer resistance against viruses, bacteria, fungi, 
oomycetes, nematodes, and aphids (Ballvora et al. 2002; Bent et al. 1994; Ori et al. 1997; 
Vos et al. 1998; Whitham et al. 1994). The cloning of R genes and their corresponding Avr 
genes led to the demonstration of direct interactions between R and Avr proteins for a limited 
number plant-pathogen interactions (Lahaye,  2004).  Recent data, however, showed that R 
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proteins can guard complexes of proteins consisting of one or more host factors, so called 
virulence targets, and pathogen avirulence factors in order to prevent disease development.  
In the absence of the guard, the plant is susceptible. Presumably R proteins monitor the 
common host factors for initiation of active defense responses (Marathe and Dinesh-Kumar 
2003). Multiple mechanisms may determine the outcome of plant-pathogen interactions. For 
example, Shao and associates (2003) have demonstrated that RPS5-mediated resistance is 
specifically activated upon cleavage of the host protein PBS1 by the corresponding avirulent 
protein avrPphB. 
Soybean is a major oil seed crop. In North America, soybean often suffers from the 
root and stem rot disease caused by the oomycete pathogen, Phytophthora sojae; the annual 
crop losses from this disease are estimated to be about $273 million (Wrather et al. 2001). 
Resistance encoded by Rps (Resistance to Phytophthora sojae) genes has been providing 
significant protection against this disease for the last four decades. Among the 15 Rps genes, 
Rps1-k has been conferring resistance against a large number of the P. sojae races and, 
therefore has been widely used in soybean cultivars grown in the midwestern United States 
(Sandhu et al. 2004; Schmitthenner et al. 1994). Despite the economic importance of disease 
resistance in soybean, the progress toward cloning R genes has been very slow. This is 
primarily because of the complexity of soybean genome for positional cloning experiments 
and difficulties associated with transformation procedures for gene identification.  
Single dominant avirulence genes corresponding to 11 of the Rps genes have been 
mapped. Several P. sojae Avr genes have been targeted for positional cloning, and recently, 
Avr1b has been cloned (Shan et al. 2004; Tyler 2002). Two genes, Avr1b-1 and Avr1b-2, are 
required for the expression of the Avr1b-encoded avirulence function. Both genes are 
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physically linked and were cloned from the Avr1b locus. Avr1b-2 regulates the accumulation 
of the Avr1b-1 transcripts. Avr1b-1 encodes a secreted protein that elicits a resistance 
response in soybean cultivars carrying Rps1-b (Shan et al. 2004). 
Candidate genes for Rsv1, Rps2 and Rps4 have recently been reported (Graham et al. 
2002; Hayes et al. 2004; Sandhu et al. 2004). Only Rpg1-b, conferring bacterial resistance 
has recently been isolated (Ashfield et al. 2004). No other R genes from any legume species 
have been cloned. We have isolated a large family of coiled coil-nucleotide binding-leucine 
rich repeat (CC-NB-LRR)-type genes from the Rps1-k region (Bhattacharyya et al. 2005). 
Here, we report that four members of the gene family are located at the Rps1-k locus. These 
four genes are grouped into two classes, one of which contains three identical genes. A 
member from each class has been shown to confer resistance in transgenic soybean plants. A 
possible mechanism for the evolution of highly similar functional Rps genes is discussed. 
 
RESULTS 
Identification and characterization of highly similar candidate genes from the Rps1-k 
region. 
We have isolated a contiguous, approximately 145-kb DNA fragment from the Rps1-
k locus (Bhattacharyya et al. 2005). Three overlapping bacterial artificial chromosome 
(BAC) clones, BAC18, BAC43 and BAC99, span this DNA fragment. All three BACs were 
sequenced to near completion. Except for a predicted pseudo serine/threonine kinase and four 
CC-NB-LRR-type disease resistance genes no other disease resistance gene-like sequences 
were identified from these BAC clones. Therefore, we designated the four CC-NB-LRR-type 
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genes as the candidate Rps1-k genes Rps1-k-1 to Rps1-k-4 and grouped them into two classes 
(accession numbers AY963292 and AY963293). Class I consists of Rps1-k-1, Rps1-k-3, and 
Rps1-k-4, whereas Class II contains Rps1-k-2. Rps1-k-1 and Rps1-k-4 are identical genes, 
but were isolated from non-overlapping BACs, BAC18 and BAC99. Therefore, they were 
considered as two independent genes. At the 5’ untranslated region and the open reading 
frame (ORF), Rps1-k-1, Rps1-k-3, and Rps1-k-4 are identical. However, the 3’ untranslated 
region of Rps1-k-3 evolved from a recombination event between 3’-end sequences of Class I 
and II genes (Fig. 1). The recombination breakpoint in Rps1-k-3 was confirmed through 
molecular analyses of binary vectors, BAC clones, and soybean genomic DNA (data not 
shown). The nucleic acid and deduced amino acid sequence identities between ORFs of Class 
I and Class II genes were 93% and 89.9%, respectively. Six structural domains were 
identified among the deduced candidate Rps1-k proteins (Fig. 2). The N-terminal region 
(domain A) did not show similarities to any known motifs or domains. Domain B contained 
the CC motif. The putative NB-ARC (nucleotide-binding adaptor conserved in Apaf-1, 
apoptosis protease activating factor-1, R gene products and CED-4) domain was identified in 
domain C (van der Biezen and Jones 1998). A short spacer sequence (domain D) was 
observed between the NB-ARC domain and the LRR region (domain E). In Rps1-k-2 (Class 
II), the C-terminal LRR region contains 27 imperfect LRRs, one of which is absent in Class I 
Rps1-k proteins (Fig. 2). The C-terminus (domain F) did not show identities to any known 
motifs or domains.  
Candidate Rps1-k genes are transcribed at low levels 
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In order to determine the gene structure of the candidate genes and establish that they 
are transcribed genes, we screened an unamplified cDNA library carrying approximately 4.6 
× 106 PFU. Seven cDNAs representing four classes of genes were isolated (Bhattacharyya et 
al. 2005).  Sequence alignments between cDNAs and the candidate Rps1-k gene sequences 
revealed two introns located in the 3’ untranslated region (Fig. 1). However, none of these 
cDNAs showed 100% identity to any of the candidate Rps1-k genes (data not shown).  
A two-step reverse transcription-polymerase chain reaction (RT-PCR) approach was 
utilized to identify transcripts of the candidate Rps1-k gene family. Total RNAs isolated from 
leaves of cultivar Williams 82 leaves were reverse transcribed and then PCR-amplified using 
candidate Rps1-k-1- and Rps1-k-2-specific primers (Fig. 3A). The first PCR was performed 
using Rps1-k-1- and Rps1-k-2-specific forward primers and a common reverse primer. The 
targeted regions included two introns; and therefore, PCR products from contaminating 
genomic DNA were 344 bp larger than the RT-PCR products (Fig. 3B). The second PCR was 
conducted by using the diluted gel-purified Rps1-k-1- or Rps1-k-2-specific RT-PCR products 
as templates. Rps1-k-1- or Rps1-k-2-specific primer pairs were used in the second PCR step 
(Fig. 3c). PCR products of the second PCR step were directly sequenced and compared with 
the Rps1-k-1 and Rps1-k-2 gene sequences. Complete identities were observed between RT-
PCR products and the corresponding Rps1-k gene sequences (data not shown). We amplified 
573 and 648 bp of the LRR domains of Rps1-k-1 and Rps1-k-2, respectively. These RT-PCR 
products contained five to six copies of the consensus xxLxLxx (x can be any amino acid) 
repeat sequence of the LRR region. The amplified regions between the two classes of genes 
were distinguished by the presence of a 63-nt deletion in the Class I Rps1-k genes. The 
solvent-exposed residues within the consensus repeat sequence xxLxLxx of the LRR domain 
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have been shown to be highly divergent and under substantial diversifying selection (Meyers 
et al. 1998; Parniske et al. 1997).  Therefore, it is very unlikely that RT-PCR products 
originated from transcripts of paralogous Rps1-k sequences rather than from that of the Rps1-
k candidate genes; and we conclude that both classes of candidate Rps1-k genes are 
transcribed at very low levels.  
Candidate Rps1-k genes conferred stable race-specific Phytophthora resistance in 
transgenic soybean plants.  
To establish the functional identity of candidate Rps1-k genes, three binary plasmids, 
p43-JP1, p99-6A and p43-10, carrying candidate Rps1-k-1, Rps1-k-2 and Rps1-k-3 genes, 
respectively, were introduced into the soybean cultivar Williams 79 using Agrobacterium-
mediated transformation (Paz et al. 2004). One transformant for Rps1-k-1, six independent 
transformants for Rps1-k-2 and three for Rps1-k-3 were generated. Trifoliates of independent 
transformants were detached from the greenhouse-grown, basta-resistant transgenic soybean 
plants. Most of the R0 transformants showed Phytophthora resistance against P. sojae race 4 
(Fig. 4A). Phenotypic analysis of the R1 generation of independent transformatns 
demonstrated that all three genes confer resistance in soybean leaves against the P. sojae race 
4 and isolate 997A-2-3 (Fig. 4 and Table 1). Progenies of the single transformant T-1-1 
containing Rps1-k-1, two independent transformants, T-2-1 and T-2-6, carrying Rps1-k-2 and 
three, T-3-1, t-3-2 and T-3-3, carrying Rps1-k-3, showed a 3:1 segregating ratio for 
resistance and susceptibility in either R1 or R2 generation (Table 1). Progenies of the basta-
resistant T-2-4 transformants were all susceptible to the pathogen, presumably due to absense 
of transgene expression and, therefore, were considered as the negative controls. 
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Wounded hypocotyls of R2 or R3 populations containing candidate Rps1-k genes were 
inoculated with both avirulent and virulent P. sojae isolates, in order to determine if the 
resistance conferred in transgenic plants was race-specific. Race 4, used in the leaf 
inoculation experiment, was found to be more aggressive on wounded Williams 82 hypocotyl 
of light-grown seedlings, and the cultivar containing Rps1-k consistently failed to produce a 
resistant phenotype. Race 18 and isolate 997A-2-3 were avirulent, while race 25 was virulent 
to Williams 82. R2 or R3 progenies containing either Rps1-k-1 or Rps1-k-2 were resistant to 
race 18 and isolate 997A-2-3 but were susceptible to race 25 (Table 2). The activity of both 
Rps1-k-1 or Rps1-k-2 genes was also tested in the recipient cultivar Williams that does not 
contain any known Rps genes (Table2, the 7aD- and 30-85-transformants). These results 
suggested that both class I and class II genes encode race-specific Phytophthora resistance. 
Co-segregation of an Rps1-k-2 transgene with the complemented race-specific 
resistance.  
R2 families were investigated to determine the association of integrated transgenes 
with the complemented disease resistant phenotype. R2 plants of two independent Ro plants, 
T-2-1 and T-2-6, carrying Rps1-k-2 and R2 progenies of T-3-1 carrying Rps1-k-3 were 
investigated for the integration of transgenes. Progenies of ten R1 families developed from 
individual Ro plants were also studied. R2 progenies segregated for resistance and 
susceptibility.  
R2 families developed from these transformants were investigated for association 
between integrated transgenes and complemented resistant phenotype. Inoculation of 
wounded hypocotyls of 10 light-grown R1:2 families originating from the T-2-6 R0 
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transformant carrying Rps1-k-2 showed a 1:2:1 segregation ratio for (i) homozygous resistant 
phenotype, (ii) segregating resistant and susceptible phenotypes, and (iii) homozygous 
susceptible phenotype. Southern analysis plants showed that multiple copies of the transgene 
were integrated into the soybean genome. Progenies of randomly selected R2 plants showed 
that the complemented resistant phenotype was associated with the integration of a single 
Rps1-k-2 transgene copy. 
Rps1-k-specific resistance has been shown to be expressed in etiolated hypocotyls 
(Ward et al. 1979). Therefore, we investigated dark-grown seedlings for expression of Rps1-
k-2 transgene-mediated resistance. Symptoms were recorded 24 hours following inoculation 
of intact hypocotyls with P. sojae zoospores. DNA blot analysis of selected resistant and 
susceptible seedlings again showed complete association between the expression of resistant 
phenotype and integration of a specific Rps1-k-2 transgene copy (Fig. 5, arrow). Although 
many copies of Rps1-k-2 transgenes were segregating, only a single Rps1-k-2 transgene copy 
was shown to associate with the expression of Phytophthora resistance in both light- and 
dark- grown seedlings. Presumably, other integrated transgene copies failed to confer any 
Phytophthora resistance. Among R2 progenies of T-2-5, no association between transgene 
copies and complemented resistant phenotype was observed. 
Association of Rps1-k-3 transgenes with the disease resistant phenotype among R2 
progenies descended from T-3-1 was not evident. Investigation of additional transformants 
generated by transforming the cultivar Williams with Rps1-k-1 also did not result in any 
clear-cut co-segregation of Rps1-k-1 transgenes with the complemented resistant phenotype. 
Williams does not carry any known Rps genes. Transgenic Williams lines carrying Rps1-k-1 
transgene showed resistance against race 1, race 18, and isolate 997A-2-3. Transcript levels 
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of the Rps1-k gene family are extremely low. Seven cDNA clones representing four gene 
members were isolated from screening of 4.6 million PFU of an un-amplified cDNA library 
(Bhattacharyya et al. 2005). However, none of these cDNAs showed complete sequence 
identity with any members of Class I or Class II genes (data not shown). Transcripts of these 
genes were detected only in a highly sensitive two-step RT-PCR experiment (Fig. 3). 
Recently we have observed that transient over expression of Rps1-k-2 led to cell death (N. N. 
Narayanan and M. K. Bhattacharyya, unpublished). Nearly undetectable transcript levels 
together with the cell death phenotype caused by over expression of Rps1-k-2 suggested that, 
during transformation, expression of these genes at a higher level would be detrimental to the 
regeneration process. Although candidate genes with their own promoters were used in 
complementation analyses, the site of integration of these genes can greatly influence the 
levels of their expression (Butaye et al. 2004). Our failure to obtain a clear-cut co-segregation 
between transgene copies and Phytophthora resistance among transgenic lines could be 
attributed to low, unstable expression levels of more than one transgene copy among the 
transformants.  Highly active transgenes were most likely silenced. This may also explain 
why we failed to observe any Phytophthora resistance among progenies of four Rps1-k-2 
transformants (Table 1). 
Diversifying selection and frequency of mutation in Rps1-k genes. 
The solvent-exposed residues within the consensus repeat sequence xxLxLxx of 
LRRs have been shown to be highly divergent and under substantial diversifying selection 
(Meyers et al. 1998; Parniske et al. 1997). Mondragon-Palomino and associates (2002) found 
strong positive selection in the LRR region by studying 163 NB-LRR genes of Arabidopsis 
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thaliana. To determine the selection pressure exerted on the Rps1-k gene family, ratios of 
nonsynonymous and synonymous substitution rates were calculated for different regions of 
the two classes of genes. The nonsynonymous substitution rate observed for the xxLxLxx 
repeat sequence of the LRR domain was statistically much higher than the nonsynonymous 
substitution rate (P<0.0001 at 5% level; Kumar et al. 2004; Table 3). This suggested that 
diversifying selection has been imposed on these solvent-exposed residues.  
Phylogenetic analysis of the Rps1-k gene family and other CC-NB-LRR R genes. 
Blastx and tblastn were carried out to study the relationship between Rps1-k-2 and 
other plant disease resistance genes and resistance gene analogs (RGAs). Complete amino 
acid sequences of the RGAs or R gene sequences (E-value < e-110) were either retrieved from 
GenBank or manually annotated by aligning deduced protein sequences using the Expasy 
translate tool. Most of the cloned NB-LRR genes with genetically validated resistance 
specificity were also collected from the GenBank. A multiple sequence alignment of all 
retrieved protein sequences was performed, and a neighbor-joining tree was generated from 
the alignment. From this preliminary tree, CC-NB-LRR-type R proteins and representative 
RGAs that are closely related to Rps1-k were selected to generate the final tree (Fig. 6). 
Rps1-k-2 showed high amino acid identities with the sequences from three legume species, 
including Glycine max, Medicago truncatula, and Lotus corniculatus. Deduced protein 
sequences of two L. corniculatus var. japonicus RGAs showed the highest identity to the 
Rps1-k-2 protein sequence (59%) and formed a very strongly supported group with the Rps1-
k gene family. This suggests that evolution of lotus RGAs and Rps1-k sequences may predate 
the separation of Lotus and Glycine genera. Although the possibility of convergent evolution 
 62
of Rps1-k and lotus RGA sequences cannot be completely ruled out at this stage, evolution of 
these sequences from a single progenitor gene could be the most likely alternative. If this is 
true, Rps1-k is a member of an ancient R gene family. Among the cloned R genes, Rps1-k is 
closely related to RPG1-b, I2C, Xa1, Rp1-D and RB.  
No close relationship among R genes conferring resistance against a specific type of 
pathogens was observed. For example, Rps1-k sequence is highly diverged from R1, a potato 
R gene that confers resistance against another Phytophthora pathogen P. infectans. Potato Rx 
and Gpa2 are paralogs, but they confer virus and nematode resistance, respectively (van der 
Vossen et al. 2000). R proteins with high sequence similarity may not require the same 
signaling component. For example, although MLA1 and MLA6 proteins share 91.2% identity 
MLA1 is Rar1-independent, whereas MLA6 is Rar1-dependent (Halterman et al. 2001; Zhou 
et al. 2001). The phylogenetic tree indicated that most clades are family- or species-specific, 
which is consistent with the results of phylogentic analyses conducted for NB sequences of 
different plant families and species (Cannon et al. 2002; Meyers et al. 1999). 
 
DISCUSSION 
Two classes of CC-NB-LRR genes confering Phytophthora resistance mapped to the 
Rps1-k locus. 
In previous work, we isolated an approximately 145 kb contiguous DNA fragment 
from the Rps1-k locus (Bhattacharyya et al. 2005). Sequencing of this gene-poor fragment 
allowed us to locate four CC-NB-LRR genes as candidates for Rps1-k. Based on sequence 
similarities, we grouped these genes into two classes. Of these, Class II contains a single 
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gene Rps1-k-2 that showed stable expression of resistant phenotype in R1 and R2 generations 
of a transformants. Segregation analysis of the Rps1-k-2 transgene confirmed that the gene is 
a functional Phytophthora resistance gene (Figs. 4 and 5; Table 1 and 2). 
The other three CC-NB-LRR Class I genes are identical in their nucleotide sequences. 
Cloning and characterization of these CC-NB-LRR genes were carried out through the sub-
cloning of three overlapping BAC clones in a binary plasmid vector followed by sequencing. 
Two of the identical Class I genes, Rps1-k-1 and Rps1-k-4, were cloned from non-
overlapping BACs that shred parts of the Rps1-k locus. The presence of a recombination 
breakpoint in the 3’ untranslated region distinguishes the third Class I gene, Rps1-k-3, from 
Rps1-k-1 and Rps1-k-4. The functions of Rps1-k-1 and Rps1-k-3 were studied in transgenic 
soybean plants. Multiple transgene copies were present in all transformants. However, among 
segregating R2 progenies developed from transformation of either the cultivar Williams 
(rps1) or Williams 79 (Rps1-c) (Table 2), no association of Rps1-k-1 or Rps1-k-3 transgenes 
with the complemented Phytophthora resistant phenotype was observed (data not present). 
Transcript levels of the Rps1-k gene family were very low and detectible only in highly 
sensitive RT-PCR experiments (Fig. 3). It is possible that an increased level of Rps1-k-1 or 
Rps1-k-3 proteins is deleterious to plant cells, as was observed for Rps1-k-2 in transient over 
expression experiments (N.N. Narayanan and M.K. Bhattacharyya, unpublished data). 
Therefore, most likely a selection pressure for poorly transcribed or nontranscribed transgene 
copies was exerted during transformation and regeneration to avoid any detrimental effects 
origination from high expression levels of Rps1-k-1 or Rps1-k-3 transgenes. A low level of 
expression from more than one transgene could account for the complemented resistant 
phenotype observed among transformants carrying Rps1-k-3. From analyses of the ethylene 
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mutant, etr1, it was concluded that there were most likely two Rps genes in the Rps1-k locus, 
one of which requires the ethylene-signal pathway for expression of Phytophthora resistance 
(Hoffman et al. 1999). We therefore conclude that the class I genes are most likely functional 
(Table 1). 
Evolution of the Rps1-k gene family. 
Progenitors of two classes of Rps1-k genes differ by 58 synonymous substitutions in 
the ORFs. Therefore, we calculated that the two progenitor genes probably started to diverge 
about 10 million years ago (Cronn et al. 2002). Although we have identified only four CC-
NB-LRR genes at the Rps1-k locus, there are many additional members of the gene family in 
the Rps1 region (Bhattacharyya et al. 2005). Therefore, it is possible that paralogous 
sequences of the Class II gene are located in the Rps1-k-adjacent region.  
Complete sequence identity among Class I Rps1-k genes is unusual. To date, no two 
identical R genes have been identified from the same haplotype. In flax, L3 and L10 carry 
identical ORFs, while L4 differed from these two by a single nucleotide (Ellis et al. 1999). 
However, L3, L4, and L10 were characterized from three independent haplotypes. The only 
example of an R locus containing highly similar genes is the tomato Cf2 locus, which carries 
two nearly identical resistance genes. These two genes differ only by three nucleotide 
residues (Dixon et al. 1996). Class I Rps1-k genes are the only examples of identical R genes 
isolated from a single locus.  
Concerted evolution has been shown to have a major role in the evolution of 
tandemly arranged identical repeat sequence families, such as snRNAs in humans and rDNA 
in yeast (Gangloff et al. 1996). It is unlikely that the high identity observed among members 
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of the Rps1-k gene family resulted from concerted evolution. Homogenization, a requirement 
for concerted selection, acts against the diversification and generation of novel race-
specificities. Parniske and his co-workers (1997) proposed that sequence homogenization 
could be prevented by the suppression of unequal recombination between two polymorphic 
intergenic sequences. The relationship between physical and genetic distances at the Rps1-k 
region is about 1 Mb/cM, and the region is not recombination-prone for sequence 
homogenization (Bhattacharyya et al. 2005). Gene conversion, a major sequence 
homogenization mechanism for concerted selection, was probably not the cause for 100% 
identity between Class I Rps1-k genes of about 9-10 kb DNA including 5’- and 3’-end 
sequences. Gene conversion tracts are mostly limited to ORFs and are relatively small 
(Drouin 2002). 
Complete identity among Class I Rps1-k genes suggests that the genes were 
duplicated very recently through unequal crossing over, which is considered to be an 
important mechanism for the evolution of disease resistance genes. In maize, unequal 
crossing over is the main mechanism of meiotic instability at the Rp1 region (Sudupak et al. 
1993). In the Arabidopsis ecotype Columbia, the nonfunctional, chimeric rpp8 gene was 
most likely evolved from unequal crossing over between the functional oomycete resistance 
gene RPP8 and its homologue RPH8A (McDowell et al. 1998). It has been proposed that the 
HRT gene encoding viral resistance was evolved by unequal crossing over between 
progenitor genes related to RPP8 and RPH8A (Cooley et al. 2000). Unequal crossing over 
has also been considered to play an important role in the generation of alleles at the Rsv1 
locus in soybean (Hayes et al. 2004). Unequal crossing over is most likely to occur from the 
pairing of diverse haplotypes following cross-fertilization. This leads to tandem 
 66
accumulation of similar but usually not identical paralogous genes, because diverse 
haplotypes are expected to accumulate mutations in paralogous genes.  
Two unequal crossing over events were detected at the Rps1-k region, one at the 
physically linked TC1 and 18R loci (Bhattacharyya et al. 2005) and the other one at the 3’-
end of Rps1-k-3 (Fig. 1). Soybean is predominantly a self-pollinated species; and it is very 
unlikely that three identical genes were evolved from unequal crossing over events between 
diverse haplotypes of two genotypes. Considering the highly self-pollinated nature of 
soybean, the probability of open pollination between two diverse genotypes for unequal 
crossing over events in the recent past is very small. It is very unlikely that unequal crossing 
over events between Rps1-k and rps1-k haplotypes can lead to the evolution of identical, 
functional Class I Rps1-k genes during introgression of the gene into Williams 82 from 
Kingwa, because the recurrent parent Williams does not contain any known functional Rps1 
genes for contributing toward the gene duplication phenomenon. Considering the 
predominantly self-pollinated nature of soybean and 100% identity among class I genes in a 
small genomic region, we propose that, during meiosis, slippage in pairing or mispairing 
between tandem paralogous rather than orthologous sequences of two sister chromatids of a 
homozygous plant resulted in the evolution of three identical class I Rps1-k genes. Tightly 
linked paralogous genes can mispair during meiosis, resulting in gene duplication, deletions, 
and evolution of chemeric genes. Jelesko et al. (2004) recently provided experimental 
evidence for recombination between misaligned paralogous sequences of sister chromatids 
during meiosis in the self-pollinated species Arabidopsis. The presence of such a local gene 
duplication mechanism from misaligned sister chromatids in a self-pollinated plant species 
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such as soybean can result in substrates for the generation of new genetic variations for some 
traits that require rapid evolution. 
 
MATERIALS AND METHODS 
Subcloning and sequencing of BAC clones. 
Three overlapping BAC clones, BAC18, BAC43, and BAC99, carrying the Rps1-k 
locus, were sequenced by applying a shot-gun cloning approach. To minimize Escherichia 
coli DNA contamination, BAC DNA samples were prepared using the Qiagen Large 
Construct Kit (Qiagen, Valencia, CA, U.S.A.). Two shotgun libraries for each BAC clone 
were constructed. One of these libraries was constructed using the Topo shotgun subcloning 
kit (Invitrogen, Carlsbad, CA, U.S.A.). Individual BAC DNA samples were nebulized under 
pressure at 5 psi for 10 s. Fragments (5 to 10 kb) were blunt-ended, dephosphorylated and 
ligated to the vector pCR4BluntTOPO. The second library was constructed by using partially 
digested Sau3AI DNA fragments. Following partial restriction digestion, the partically 
digested DNA fragments were fractionated on an agarose gel, and fragments of 
approximately 20 kb were purified and ligated into the dephosphorylated BamH I site of the 
binary vector pTF101.1 (Paz et al. 2004). Ligated DNA samples were electroporated into E. 
coli strain DH10Bα using Cell Porator E.coli Pulser (Invitrogen, Carlsbad, CA, U.S.A.). The 
resultant recombinant plasmids, generated from cloning into pCR4BluntTOPO and 
pTF101.1, were named TOPO and pTF101.1 clones, respectively. Colonies from each library 
were picked randomly and stored in 96-well microtiter plates. Plasmid DNA was prepared 
using the Montage Plasmid Miniprep96 Kit (Millipore, Bedford, MA). Both ends of each 
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clone were sequenced in an ABI PRISM 3700 Analyzer at the DNA Sequencing Facility, 
Iowa State University. 
  The sequence data were assembled utilizing Phred/Phrap software on a PC with a 
Linux operating system. The resulting contigs of each BAC were manually ordered into a 
scaffold by using the read-pairs. Primer walking was applied to fill out most of the remaining 
gaps. The assembled sequences were searched against GenBank using BlastX algorithm. A 
series of primers in every 200-300 bp of each DNA strand were designed based on the 
consensus sequence of the candidate Rps1-k genes. The primers were then used in 
sequencing the selected pTF101.1 clones as described in the next section. 
Sequence analyses of CC-NB-LRR clones. 
Sequences of each insert end in pTF101.1 clone were investigated for possible 
homology to candidate Rps1-k gene sequences. pTF101.1 clones showing no homologies to 
the candidate Rps1-k gene sequences were selected for Southern blotting experiments and 
were hybridized to NBS and LRR-domain specific probes developed from one of the Rps1-k 
genes. The pTF101.1 clones hybridizing to both probes were classified into seven putative 
groups by conducting DNA fingerprint analysis. A total of 13 clones selected from these 
seven groups, were sequenced, using primers designed based on the consensus CC-NB-LRR 
sequences generated from the comparison of BAC contig sequences described in the previous 
section. Each nucleotide was sequenced at least three times. The sequence reads of each 
clone were assembled using the Vector NTI Suite 6 program (v.6 for PC, InforMax Inc.; 
Invitrogen). Four CC-NB-LLR genes were identified from sequencing of pTF101.1 clones. 
The genes were predicted using the Genscan program (http://genes.mit.edu/GENSCAN.html) 
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and BlastX algorithm search.  
Generation of transgenic soybean plants. 
Three binary plasmids in the pTF101.1vector, p43JP1 (Rps1-k-1), p99-6A (Rps1-k-2) 
and p43-10 (Rps1-k-3), were electroporated into the Agrobacterium tumefaciens strain 
EHA101. The agrobacteria containing the binary plasmids were used to transform 
cotyledonary explants of the cultivars Williams (rps1-k) or Williams 79 (Rps1-c) at the Plant 
Transformation Facility, Iowa State University (Table2; Paz et al. 2004).  
A total of 16 seeds of each R0 transformant were germinated, and 3-day-old seedlings 
were transferred to soil in small paper pots. After growing for 5 days in the greenhouse, 
followed by hardening in sunlight for two days, R1 plants containing transgenes Rps1-k-1, 
Rps1-k-2, and Rps1-k-3 were transplanted at the Bruner Farm, Iowa State University, in 
2002. R2 seeds of individual plants were harvested, stored, and threshed after about four 
months. In 2003, R3 seeds were generated by growing R2 plants at the Bruner Farm. 
Growing of soybean and Phytophthora sojae. 
Transgenic and non-transgenic soybean seedlings were grown under dark or light 
conditions in growth chamber at the Agronomy Department, Iowa State University 
(Bhattacharyya and Ward 1986; Ward et al. 1979).  P. sojae race 1, race 4, race 18, race25, 
and isolate 997A-2-3 were grown in the dark at 22oC, and zoospores were prepared from 6-
day-old cultures (Table 2; Ward et al. 1979). 
Evaluation of transgenic soybean plants for resistance against Phytophthora sojae. 
Trifoliate leaves of R0 transformants were inoculated with P. sojae race 4 as follows. 
 70
Trifoliate leaves were detached and placed in Petri dishes (90-mm diameter) containing 
Whatman filter papers moistened with 10 ml water. Petioles were kept under a film of water, 
and each half of the leaf blade was inoculated with a single droplet of a zoospore suspension 
of the P. sojae race 4 (Bhattacharyya and Ward 1986). Subsequently, unifoliate leaves of R1 
progenies of independent transformants containing either Rps1-k-1, Rps1-k-2 or Rps1-k-3 
transgene were tested for Phytophthora resistance. Symptoms were evaluated 48 and 72 
hours following inoculation. The average lesion spread in millimeter per day was then 
determined from all lesions of an individual class of disease phenotype. A resistant 
phenotype was characterized by dark brown lesions that spread very slowly, whereas a 
susceptible response was characterized by a very light brown lesion that spread rapidly. 
Wounded hypocotyls instead of leaves of R2 or R3 populations were inoculated, 
because the wounded-hypocotyl inoculation method requires less space than leaf inoculation 
procedure and a large number of plants can be infected in a small space under uniform 
environmental conditions (Haas and Buzzell 1976). For the wounded-hypocotyl inoculation 
method, soybean seedlings were grown in coarse vermiculite for 7-8 days, until the 
cotyledons expanded completely. P. sojae race 997A-2-3 was grown in V8 agar diluted by 
one-fourth, until the mycelia covered the entire Petri plate (90-mm diameter). The culture 
was cut into strips and placed in a 10-ml BD-syringe (Becton, Dickinson and Co., Franklin, 
NJ, U.S.A.). The culture was then macerated by passing through a precision glide 18G × 11/2 
needle (Becton, Dickinson and Co., Franklin, NJ, U.S.A.). With the help of the needle tip, a 
slit of about 1 cm long was made in the hypocotyls just below the cotyledonary nodes. About 
0.2-0.4 ml of the macerated culture slurry was inserted into the slit with the help of a syringe. 
The plants were incubated under a 16-h light and 8-h dark period for 48 h for disease 
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development. Disease phenotypes were recorded 48, 60, 72, and 84 h following inoculation. 
Dark-grown seedlings were inoculated with P. sojae zoospore suspensions as, described by 
Ward and associates (1979), and were evaluated 24 h following inoculation. 
DNA gel blot analysis. 
Soybean genomic DNA was prepared from individual transgenic plants according to 
White and Kaper (1989). DNA from each genotype (10 μg) was digested overnight with 
HindIII and fractionated on a 0.8% agarose gel. The selectable marker gene bar was used as 
a probe (Paz ea al. 2004). The gene was PCR-amplified from the plasmid pTF101.1 by using 
two primers (upstream forward primer: 5’CAGCTGCCAGAAACCCACGT3’; and 
downstream reverse primer: 5’CTGCACCATCGTCAACCACT3’). Prehybridization and 
hybridization of DNA filters were carried out according to Kasuga and associates (1997). 
RT-PCR  
Total RNA was isolated from soybean leaf tissues by using the RNeasy Plant Mini 
Kit (Qiagen). For RT-PCR experiments, cDNAs were synthesized from total RNAs using M-
MLV reverse transcriptase (Promega, Madison, WI, U.S.A.). Primers for the first round of 
PCR experiments were: ClassI:F, 5’-ACCTGGATCCCTGAAGAGTCTGTATATCTC-3’; 
ClassII:F,  5’-CCCAAGCTTGCAGAGTCATTTAAGAGTCTGTGTTATTTGTTA-3’; 
Common:R,  5’-CCCAAGCTTAATTCACTTGGTACACCTTTTCATCCTTCAC-3’. 
Primers for the second round of PCR experiments were: ClassI:F, 5’-
ACCTGGATCCCTGAAGAGTCTGTATATCTC-3’; ClassI:R 5’-
AATTGGATCCGAGAGTCAGGAAGCCTTTCTCCCA-3’; ClassII:F, 5’-
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CCCAAGCTTGCAGAGTCATTTAAGAGTCTGTGTTATTTGTTA-3’; ClassII:R 5’-
GCGGGATCCTTTTTCCAGCAAAGGACATTCCACC-3’. 
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 Table 1. Segregation of resistant and susceptible R1 progenies following 
inoculation with Phytophthora sojae race 4a 
R0  Transformantb R S X2(3:1) P (X2(3:1)) 
T-1-1c 10 2 0.444 0.505 
T-2-1c 11 6 0.961 0.327 
T-2-2 2 16 39.185 <0.0001 
T-2-3 2 15 36.255 <0.0001 
T-2-4 0 16 48.000 <0.0001 
T-2-5 5 10 13.899 0.0002 
T-2-6d - - - - 
T-3-1c 13 5 0.074 0.785 
T-3-2c 11 7 1.852 0.174 
T-3-3c 13 5 0.074 0.785 
a Resistant and susceptible phenotypes were quantified by measuring lesion 
spread (mm/day) in individual segregants. 
b Designations for transgenic plants: T- = Transgenic plant; first number 
indicates the Rps1-k gene number, e.g. T-1 for Rps1-k-1; second number is the 
transformant number (Ro). 
c  Showed a 3:1 resistant/susceptible segregation. 
d Data unavailable for the R1 generation. A 3:1 resistant/susceptible segregation 
ratio was observed in the R2 generation.  
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Table 2. Responses of soybean cultivars or transformants to Phytophthora sojae rece or isolate 
 P. sojae race/isolate responsesa 
Cultivar Race 1 Race 4 Isolate 997A-2-3 Race 18 Race 25 
Willimas (rps1) S S S S S 
Willimas 79 (Rps1-c) R S S S S 
Willimas 82 (Rps1-k) R R R R S 
Transformant T-1-1 (Rps1-k-1) …b R R R S 
Transformant T-2-1 (Rps1-k-2)c … R R R S 
Transformant T-2-6 (Rps1-k-2) … R R R S 
Transformant T-3-1 (Rps1-k-3) … R R R S 
Transformant T-3-2 (Rps1-k-3) … R R R S 
Transformant T-3-3 (Rps1-k-3) … R R R S 
Transformant 7aD-3 (Rps1-k-1) R … R R S 
Transformant 7aD-6 (Rps1-k-1) R … R R S 
Transformant 7aD-9(Rps1-k-1) R … R R S 
Transformant 30-85-1 (Rps1-k-2) R … R RS S 
Transformant 30-85-5 (Rps1-k-2) R … R RS S 
Transformant 30-85-6 (Rps1-k-2) R … R RS S 
a R = resistant; S = susceptible; RS = resistant response with some spread of the lesions. … indicates 
data not available. 
b Data is not available because the recipient cultivar, Williams 79, is resistant to race 1. 
c Responses of transformants are based on progeny testing. 
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Table 3.  Rates of non-synonymous (Ka) and synonymous (Ks) 
substitutions in the evolution of the Rps1-k gene family 
Region/Domain Ka/Ksa 
ORF 0.625 
Coiled-coil domain 0.29 
Nucleotide binding site domain 0.33 
XxLxLxxb 2.33 
C-terminus regionc 1 
a The ratio of Ka and Ks substitution in variable sites was calculated by 
comparing the open reading frame (ORF) sequences of Class I 
(identical ORFs of Rps1-k-1, Rps1-k-3 and Rps1-k-4) and Class II 
(Rps1-k-2) genes. The SNAP program was used in calculating the 
substitution values.  
b Conserved hydrophobic sites (L, V, F, and M) were not included in the 
calculation of the Ka/Ks ratio of the xxLxLxx region. 
c Includes all of the leucine-rich repeat and F domain except xxLxLxx 
motifs. 
  
 
 84
 
 
 
 
 
 
 
 
 
ATG TAG
1 kb
NB-ARC LRRC-C
Rps1-k-1
******
***
Rps1-k-2
Rps1-k-3
Rps1-k-4 ***
***
Fig. 1. The Rps1-k gene family is comprised of two classes of highly similar genes. Class I 
contains Rps1-k-1, Rps1-k-3 and Rps1-k-4. Rps1-k-1 and Rps1-k-4, showing 100% identity 
(grey color), were isolated from two non-overlapping bacterial artificial chromosoem clones.  
Rps1-k-3 contains a recombination breakpoint at the 3’untranslated region (black color for 
exchanged sequences from Rps1-k-2). C-C = coiled-coil domain; NB-ARC = nucleotide-
binding adaptor conserved in Apaf-1, apoptosis protease activating factor-1, R gene products 
and CED-4 (van der Biezen and Jones, 1998) domain; LRR = leucine rich repeat domain; * 
indicates single deletion; the square with vertical lines represents a 63-nt deletion; the white 
rectangles depict introns. 
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GKKLSKKLLQKLETTLRVVGAVLDDAEKKQITNTNVKHWLNDLKHAVYEADDLLDHVFTKAATQNKVRDLFSRFSDRKIV
SKLEDIVVTLESHLKLKESLDLKESAVENLSW
KAPSTSLEDGSHIYGREKDKEAIIKLLSEDNSDGREVSVVPIVGMGGVGKTTLAQLV
P loop
YNDENLKQIFDFDFKAWVCVSQEFDVLKVTKTIIEAVTGKACKLNDLNLLHLELMDK
LKDKKFLIVLDDVWTEDYVDWRLLKKPFNRGIIRRSKILLTTRSEKTASVVQTVHTY
Kinase-2                           Kinase-3a
HLNQLSNEDCWSVFANHACLSTESNENTATLEKIGKEIVKKCNGLPLAAESLGGMLR
RKHDIGDWNNILNSDIWELSESECKVIPALRLSYHYLPPHLKRCFVYCSLYPQDYEF
EKNELILLWMAEDLLKKPRKGRTLEEVGHEYFDDLVSRSFFQRS—RTSSWPHRKCF
VMHDLMHDLATS
YL RVLSFCD FQSLDSLPDSIGKLIHL RYLDLSF SRIETLPKSLCNLY
NL QTLKLCS CRKLTKLPSDMRNLV
NL RHLGIAY TPIKEMPRGMGKLN
HL QHLDFFV VGKHEENGIKELGGLS
NL RGQLEIRK LENVSQSDEALEARMMDKK
HI NSLQLEW SGCNNNSTNFQLEIDVLCKLQPHF
NI ESLEIKG YEGTRFPDWMGNSSYC
NM ISLKLRD CHNCSMLPSLGQLP
SL KDLGIAR LNRLKTIDAGFYKNEECRSGTSFP
SL ESLSIDD MPCWEVWSSFDSEAFP
VL NSLEIRD CPKLEGSLPNHLP
AL TKLVIRN CELLVSSLPTAP
AI QSLEICK SNKVALHAFPL
LV ETIEVEG SPMVESVIEAITNIQPT
CL RSLTLRD CSSAVSFPGGRLPE
SL KSLSIKD LKKLEFPTQHKHE
LL ETLSIES SCDSLTSLPLVTFP
NL RYLSIEK CENMEYLLVSGAESFK
SL CYLLIYK CPNFVSFWREGLPAP
NL ITFSVWG SDKLKSLPDEMSTLLP
KL EDLTISN CPEIESFPKRGMPP
NL RRVEIVN CEKLLSGLAWPSMG
ML THLNVGG PCDGIKSFPKEGLLPP
SL TSLSLYD LSNLEMLDCTGLLHLT
SL QQLQIFG CPKLENMAGESLPF
SL IKLTMVE CPLLEKRCRMKHPQ
IWPKVSHIPGIKVGNRWI
B
C
E xxLxLxx
F
MAAALVGGAFLSAFLDVVFDRLASPEFVDLIRA
D LGGDFYRSEELGKETKINTKTRHLSFAKENSSVLDNFDVIGRAKFLRTFLSIINFEAAPFNNEEAQCIIMSKLM
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Fig. 2. Structure of the predicted Rps1-k proteins. The predicted, complete amino acid 
sequence of Rps1-k-2 is used to describe the structure (six domains A to F). The bold 
residues are the sites that vary between the Class I and Class II Rps1-k proteins. Domain A is 
the N-terminus with no homologies to known motifs or domains. Domain B is the coiled-coil 
domain predicted using the COILS program (Lupas, 1997). Domain C is the NB-ARC 
(nucleotide-binding adaptor conserved in Apaf-1, apoptosis protease activating factor-1, R 
gene products and CED-4) domain. Conserved P loop, kinase-2, and kinase-3a sequences, 
GLPL, and MHD motifs are underlined. Domain D is the spacer that separates NB-ARC and 
LRR domains. Domain E is the leucine-rich repeat (LRR) domain. The consensus sequence 
in the LRR region is indicated by xxLxLxx just above the alignment of LRRs (L can be 
replaced by V, F or M). The leucine-zipper–like motif identified in the LRR domain is 
underlined. One 21-amino acid LRR repeat absent in the Class I Rps1-k proteins is shown in 
italics and underlined. Domain F represents the C-terminus, which does not contain any 
known motifs or domains. The structural domains of predicted proteins were identified 
primarily using Pfam and by comparison with previously described R proteins.
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Fig. 3. Detection of candidate Rps1-k-specific transcripts. A, Schematic representation of the 
region considered for reverse transcription-polymerase chain reaction (RT-PCR) analyses. 
Two white rectangles at the 3’ untranslated region are introns. The longer line indicates the 
region amplified through PCR following reverse transcription of total leaf RNAs. The shorter 
line shows the region considered for the second PCR. B, First RT-PCR products. RT = 
reverse transcriptase, + = with reverse transcriptase, and - = without reverse transcriptase. 
The lower arrow shows the product obtained from the first RT-PCR. The upper arrow shows 
the PCR product from contaminating genomic DNA. C, Second PCR products. Sequence 
comparison revealed 100% identity between the cDNA and gene sequences (data not shown).  
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Fig. 4. Soybean transformants carrying candidate Rps1-k genes confer Phytophthora 
resistance. A, A leaf (on the right) of a transformant (Ro) showed hypersensitive cell death 
and typical resistance response, whereas the leaf on the left from cultivar Williams 79, used 
as a recipient for the transformant, showed the typical susceptible response. B, Symptom 
development among R1 progeny populations. Lesion sizes were recorded 2 and 3 days 
following inoculation with P. sojae race 4, and lesion spread (mm/day) was determined by 
subtracting the spread on day 3 from that on day 2 in millimeters. Standard errors of lesion 
spread among resistant (green bar) or susceptible (yellow bar) progenies are shown with lines 
at the top of each bar. Four disease lesions were measured for each plant. χ2 analyses of the 
data presented in B indicated a 3:1 segregating ratio for resistant to susceptible phenotypes 
for some of the R1 populations. Designations for transgenic plants: T- = Transgenic plant, the 
first number indicates the Rps1-k gene number, e.g. T-1 for Rps1-k-1 and the second number 
is the transformant number (Ro). 
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Fig. 5. Co-segregation of a transgene Rps1-k-2 copy with the complemented resistant 
phenotype. Intact, etiolated hypocotyls of R3 progenies of the T-2-6 transformant containing 
the Rps1-k-2 transgene were inoculated with zoospore suspensions of the P. sojae isolate 
997A-2-3. Randomly selected resistant and susceptible R3 progenies were analyzed for 
segregation of transgene copies by carrying out DNA blot analysis. The bar gene was used as 
the probe in this analysis. The arrow shows the transgene copy that co-segregated with the 
complemented resistant phenotype. 
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Fig. 6. Phylogenetic analysis of Rps1-k and related sequences. A neighbor-joining tree was 
constructed with the Molecular Evolutionary Genetics Analysis program (Version 2.1). Full-
length amino acid sequences of the R genes and resistance gene analogs (RGAs) were 
aligned using ClustalW for phylogenetic analysis. The bootstrap values (percentages of 1000 
trees generated) for the nodes are indicated. The N gene from tobacco was used as an 
outgroup sequence. Each characterized R protein is in bold font. The taxon name designation 
for functional R proteins: name of each R protein followed by the pathogen against which 
they confer resistance. B = bacterium, F = fungus, N = nematode, O = oomycete, V=virus. 
RPP13-Rld = RPP13 from Arabidopsis thaliana cv. Rld; RPP13-Nd, RPP13-Nd = RPP13 
from Arabidopsis thaliana cv. Neiderzens, and RPP13-C = RPP13 from Arabidopsis thaliana 
cv.r Columbia. Each RGA was identified with a species prefix (Gm = Glycine max, Lc = 
Lotuscorni culatus, Mt = Medicago trrncatula, Os = Oryza sativa, and Pv = Phaseolus 
vulgaris) followed by its GenBank accession number and the position from the bacterial 
artificial chromosome, if needed (as of October 11, 2004).  
 92
 93
Supplemental Fig. 1. Three highly similar genes were cloned from the Rps1-k locus. (A) 
Characteristic TaqI fingerprints of two classes of Rps1-k genes. Open reading frames (ORFs) 
were PCR amplified (Primer 1: CACATCAGTTCATAGCAACCAA and Primer 2: 
GCCAAATTTGAGGGTGCTTC) and then digested with TaqI. Both classes of genes were 
amplified from BAC43. BAC18 and BAC99 contain only one of these two classes of genes. 
Sequence data showed that one end of the BAC99 that overlaps with BAC43 contains part of 
the gene amplified from BAC18. This partial gene in BAC99 lacks the 5’-end part of the 
ORF and failed to amplify in PCR. Restriction maps of the three genes are presented at the 
bottom of the figure. Arrows indicate the region that was amplified. Binary clones are named 
after the BAC clones from which there were generated. (B) SnaBI fingerprints distinguish the 
recombinant Rps1-k-3 gene in the binary clone p43-10 from the one in p43JP1. PCR 
products (Primer 1: GAAGCACCCTCAAATTTGGC and Primer 
2:CATGCATCTATATCCGATACC) were digested with SnaBI. Note that the gene present 
in p43JP1 or BAC18 is also amplified from BAC99, because its 3’-end is intact in BAC99.  
(C) DNA blot data suggested the presence of the recombinant Rps1-k-3 (Fig. 1) in Williams 
82 and the donor parent Kingwa. The gene is absent in Williams. The genomic DNA was 
digested with SspI and then with SnaBI. The probe used for the DNA blot analysis is shown 
by a black bar on the p43-10 map. 
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Supplemental Fig. 2. Comparison of cDNA sequences with candidate Rps1-k gene 
sequences. (A) Schematic representation of the region that was used to compare cDNA and 
candidate Rps1-k gene sequences.  CC, NB-ARC and LRR are domains are as in Fig. 1. The 
two white rectangles in the 3’-untranslated region are introns. The black bar indicates the 
region used to compare sequences of the two classes of candidate Rps1-k genes with that of 
cDNAs. (B) Comparison of candidate Rps1-k and cDNA sequences. Rps1-k-1 and Rps1-k-2 
represent Class I and II Rps1-k genes, respectively. Introns are underlined. 
 
 96
Rps1-k-2_RT --------------------------------------------------------AAGAGTCTGTGTTATTTGTTAATTTAC AATGCCCCAACTTTGTATCATTCTGGAGAGAAGGAT
----- - ---------------------------------------------AAGAGTCTGTGTTATTTGTTAATTTAC AATGCCCCAACTTTGTATCATTCTGGAGAGAAGGAT
AATCG AAAGTGTGAAAATATGGAATATCTTTTGGTTTCAGGGGCAGAGTCATTTAAGAGTCTGTGTTCTTTGT ATTTCT AATGCCCCAACTTTGTATCATTCTGGAGAGAAGGAT
AATCG AAAGTGTGAAAATATGGAATATCTTTTGGTTTCAGGGGCAGAGTCATTTAAGAGTCTGTGTTCTTTGAGTATTTACCAATGCCCCAACTTTGTATCATTCGGGAGAGAAGGAT
AATCG AAAGTGTGAAAATATGGAATATCTTTTGGTTTCAGGGGCAGAGTCATTTAAGAGTCTGTGTTCTTTGAGTATTTACCAATGCCCCAACTTTGTATCATTCGGGAGAGAAGGAT
AATCG AAACTGTGAAAATATGGAATATCTTTTGGTTTCAGGGGCAGAGTCATTTAAGAGTCTGTGTTCTTTTAGAATTTACCAATGCCCCAACTTTGTATCATTCTGGAGAGAAGGAT
AATCA AAACTGTGAAAATATGGAATCTCTTTTGGT---------------------------------------------------------------ATCATTCTGGAGAGAAGGAT
AATCA AAACTGTGAAAATATGGAATCTCTTTTGGT---------------------------------------------------------------ATCATTCTGGAGAGAAGGAT
TGCCTGCGCCCAACTTGATTACTTTCAGTGTTTGGGGCTCTGACAAGTTGAAGTCGTTGCCTGATGAGATGAGTACTCTTCTCCCAAAGTTAGAAGATCTC CATATCCAACTGCCCAG
TGCCTGCGCCCAACTTGATTACTTTCAGTGTTTGGGGCTCTGACAAGTTGAAGTCGTTGCCTGATGAGATGAGTACTCTTCTCCCAAAGTTAGAAGATCTC CATATCCAACTGCCCAG
 TGCCTGCGCCCAACTTGATTAATTTCAGGGTTTCGGGCTCTGACAAGTTGAAGTCGTTGCCTGAAGATATGAGTAGTCTTCTCCCAAAGTTAGAAT TCTC CATATCCAACTGCCCAG
 TGCCTG--- -AAGAGATGAGTACTCTTCTCCCAAAGTTAGAAGATCTTTACATATCCAACTGCCCAG
 TGCCTG----------------------- -------------------------------AAGAGATGAGTACTCTTCTCCCAAAGTTAGAAGATCTTTACATATCCAACTGCCCAG
TGCCTGCGCCCAACTTGATT CTTTCAGC TTTCGGGCTCTGACAAGTTGAAGTCGTTGCCTGATGAGATGAGTAGTCTTCTTCCAAAGTTAGAAGATCTC CATATTCAACTGCCCAG
TGCCTGCGCCCAACTTGATTACTTTCC GTGTGGGGCTCTGACAAGTTGAAGTCGTTGCCTGATGAGATGAGTACTCTTCTCCCAAAGTTAGAAC TCTCCTCATATCCAACTGCCCAG
TGCCTGCGCCCAACTTGATTACTTTCC GTGTGGGGCTCTGACAAGTTGAAGTCGTTGCCTGATGAGATGAGTACTCTTCTCCCAAAGTTAGAAC TCTCCTCATATCCAACTGCCCAG
AAATTGAGTCCTTTCCAAAACGGGGTATGCCACCTAACCTGAGAAGAGTTG GATTGTCAATTGTGAGAAACTACTGAGCGGCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCA
AAATTGAGTCCTTTCCAAAACGGGGTATGCCACCTAACCTGAGAAGAGTTG GATTGTCAATTGTGAGAAACTACTGAGCGGCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCA
 AAATTGAGTCGTTTCCAAAACGGGGTATGCCACCTAACCTGAGAACAGTTTGGATTGACAATTGTGAGAAACTACTGAGCGGCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCT
 AAATTGAGTCCTTTCCAAAACGGGGTATGCCACCTAACCTGAGAACAGTTTGGATTGTGAATTGTGAGAAACTACTGAGCGGCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCA
 AAATTGAGTCCTTTCCAAAACGGGGTATGCCACCTAACCTGAGAACAGTTTGGATTGTGAATTGTGAGAAACTACTGAGCGGCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCA
AAATTGAGTCCTTTCCAAAACGGGGTATGCCACCTAACCTGAGAACAGTTTGGATTGAGAATTGTGAGAAACTACTGAGCGGCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCA
AAATTGAGTCGTTTCCAAAACGGGGTATGCCACCTAACCTGAGAATAGTTTGGATTTTCAATTGTGAGAAACTACTGAGC GCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCT
AAATTGAGTCGTTTCCAAAACGGGGTATGCCACCTAACCTGAGAATAGTTTGGATTTTCAATTGTGAGAAACTACTGAGC GCCTAGCATGGCCATCCATGGGCATGCTTACTCATCTCT
ATGTTGGGGGTCCATGTGATGGCATCAAGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTCTCTGTCTCTATATG TTGTCAAATCTGGAGATGTTGGACTGCACGGGGC
ATGTTGGGGGTCCATGTGATGGCATCAAGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTCTCTGTCTCTATATG TTGTCAAATCTGGAGATGTTGGACTGCACGGGGC
TTGTTG GGGTCCATGTGATGGCATCATGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTATCTGTATCTATATG ATTCTCAAATCTGGAGATGTTGGACTGCACGGGGC
 ATGTTGGGGGTCGATGTGATGGCATCAAGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTCTCTGTATCTATTT TTTTCAAATCTGGAGATGTTGGACTGCAC GGGC
 ATGTTGGGGGTCGATGTGATGGCATCAAGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTCTCTGTATCTATATG TTGTCAAATCTGGAGATGTTGGACTGCACGGGGC
TGTTGGGGGTCGATGTGATGGCATCAAGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTGTCTGTTTCTATATG ATTCTCAAATCTGGAGATGTTGGACTGCACGGGGC
ATGTTGGGGGTCGATGTGATGGCATCAAGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTATCTGTATCTAA TG ATTCTCAAATCTGGAGATGTTGGACTGCACGGGGC
ATGTTGGGGGTCGATGTGATGGCATCAAGTCCTTCCCTAA GAGGGTTTGCTGCCTCCCTCCCTTACGTATCTGTATCTAA TG ATTCTCAAATCTGGAGATGTTGGACTGCACGGGGC
TTCTCCATCTCACATCCCTGCAACAATTACAAATTT GGATGTCCAAAGCTGGAGAATATGG
TTCTCCATCTCACATCCCTGCAACAATTACAAATTT GGATGTCCAAAGCTGGAGAATATGG
 TTCTCCATCTCACATCCCTGCAACAATTA ATT GATGTCCAAAGCTGGAGAATATGG
 TTCTCCATCTCACATCCCTGCAAGAATTAACCAT GGATGTCCTTTGCTGGAGAATATGG
 TTCTCCATCTCACATCCCTGCAACAATTAACCATA GGATGTCCTTTGCTGGA AATATGG
TTCTCCATCTCACATCCCTGCAAATATTATACATA TGTCCTTTGCTGGAGAATATGG
TTCTCCATCTCACATCCCTGCAACAATTAACCATA GGATGTCCTTTGCTGGA AATATGG
TTCTCCATCTCACATCCCTGCAACAATTAACCATA GGATGTCCTTTGCTGGA AATATGG
A
Rps1-k-2    - --- - A
cDNA_9-50   G G AC G
cDNA_10-1   C G
cDNA_9-22   C G
cDNA_4-4    G A
Rps1-k-1_RT A G
Rps1-k-1    A G
consensus   ............................................................................ .......................*******.************
Rps1-k-2_RT AC
Rps1-k-2    AC
cDNA_9-50  G GT
cDNA_10-1  -----------------------------------------------------
cDNA_9-22  ---
cDNA_4-4    G A GG
Rps1-k-1_RT AA G
Rps1-k-1    AA G
consensus   ******.........................................................*.**.*******.******.************..****..*****.***********
Rps1-k-2_RT A
Rps1-k-2    A
cDNA_9-50  
cDNA_10-1  
cDNA_9-22  
cDNA_4-4    
Rps1-k-1_RT A
Rps1-k-1    A
consensus   **********.**********************************.****..****...*********************.**************************************.
Rps1-k-2_RT A AC
Rps1-k-2    A AC
cDNA_9-50   A G
cDNA_10-1  A AAG A
cDNA_9-22  A AC
cDNA_4-4    C G G
Rps1-k-1_RT G G G
Rps1-k-1    G G G
consensus   ******.*****.**************.************.****************************.*****.****..*...**.**************************.****
Rps1-k-2_RT TT
Rps1-k-2    TT
cDNA_9-50  GAA AAGA
cDNA_10-1  GAGG
cDNA_9-22  ATG A
cDNA_4-4    GGCAAT
Rps1-k-1_RT GAC A
Rps1-k-1    GAC A
consensus   ***********************..****...**.......*****...******.*******
G
 
Supplemental Fig. 3. Comparison of cDNA, RT-PCR, and candidate Rps1-k gene sequenes. 
Rps1-k-1 and Rps1-k-2 represent Class I and Class II genes, respectively; Rps1-k-1_RT (can 
also be either Rps1-k-3_RT or Rps1-k-4_RT) and Rps1-k-2_RT are candidate Rps1-k-gene-
specific RT-PCR products; cDNA_9-50 though cDNA_4-4 were isolated in a previous study 
(Bhattacharyya et al. 2005). The Clustal W program (http://clustalw.genome.ad.jp/) was used 
to compare the sequences. The multiple alignment was depicted by the BOXSHADE 3 
program. 
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CHAPTER 3  THE PHYTOPHTHORA RESISTANCE GENE LOCUS 
Rps1-k IS COMPOSED PRIMARILY OF REPETITIVE SEQUENCES IN 
SOYBEAN 
Hongyu Gao and Madan Bhattahcaryya 
 
ABSTRACT 
A series of single Rps (resistance to Pytophthora sojae) genes has been protecting 
soybean from the root and stem rot disease caused by the oomycete pathogen, Phytophthora 
sojae. Among these genes, Rps1-k has been providing stable and broad-spectrum 
Phytophthora resistance in the major soybean-producing regions of the United States. Rps1-k 
has been mapped and cloned. Three overlapping BAC clones containing the Rps1-k region 
were completely sequenced using a shotgun sequencing strategy. Sequence analysis 
predicted few full-length genes including two Rps1-k genes, Rps1-k-1 and Rps1-k-2. The 
majority of the predicted genes is truncated and therefore most likely they are nonfunctional. 
A SIRE1 element with identical LTRs was identified from the 184,182 bp Rps1-k region. The 
Rps1-k locus is primarily composed of repetitive sequences. Sixteen simple repeat and 63 
tandem repeat sequences were identified from the locus. These data indicate that the Rps1 
locus is located in a gene-poor region. The abundance of repetitive sequences in the Rps1-k 
region suggests that Rps1 is most likely located in a pericentromeric region. 
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INTRODUCTION 
Many plant disease resistance (R) genes from different plant species have been cloned 
and characterized; but are classified into a limited number classes (Hammond-Kosack and 
Parker 2003; Martin et al. 2003). R genes are usually organized in clusters, and genes within 
one cluster are mostly derived from a common ancestor (Richly et al. 2002). The clustering 
feature can facilitate the expansion of R gene number and the generation of new R gene 
specificities through recombination and positive selection (Michelmore and Meyers 1998). 
Long contiguous sequences containing several R genes or resistance gene analogues (RGA) 
have been determined (Brunner et al. 2003; Graham et al. 2002; Wei et al. 2002; Yang et al. 
2003). These sequences provided insights into the mechanisms of R gene evolution and 
generation of novel recognition specificity. Insertions of retroelements in genomic regions 
containing R genes or RGAs have been documented in these studies. Retroelements are 
suggested to create variability among paralogous R gene members (Song et al. 1997). 
Soybean (Glycine max L. Merr.) is a legume crop of great economical and 
agricultural importance across the world. Its estimated genome size is 1,115 Mb, of which 
approximately 40-60% is composed of repetitive sequence and is heterochromatic 
(Arumuganathan and Earle 1991; Goldberg 1978; Gurley et al. 1979). Repetitive DNA 
sequences have been shown to be the major determinant of genome sizes (Kubis et al. 1998). 
There are two main types of repetitive sequences, tandem repeat DNA sequences and 
dispersed DNA sequences such as retroelements (Kubis et al. 1998). Several soybean tandem 
repeats, SB92, STR120 and STRR102 have been reported (Lin et al. 2005; Morgante et al. 
1997; Vahedian et al. 1995). It has been suggested that soybean has experienced at least two 
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rounds of genome-wide duplications (Blanc and Wolfe 2004; Schlueter et al. 2004; 
Shoemaker et al. 1996). Although currently, densely saturated genetic maps, deep coverage 
bacterial artificial chromosome (BAC) and yeast artificial chromosome (YAC) libraries and a 
large collection of ESTs are available, our knowledge of soybean genome structure at the 
DNA sequence level is still largely limited (Cregan et al. 1999; Danesh et al. 1998; Marek 
and Shoemaker 1997; Meksem et al. 2001; Santra et al. 2003).  
Root and stem rot disease caused by Pytophthora sojae is one of the most destructive 
soybean diseases in the United States (Wrather et al. 2001). Use of Phytophthora resistance 
conferred by single dominant Rps genes has been providing reasonable protection of soybean 
against this pathogen. Rps1-k confers resistance to most races of P. sojae, and has been 
widely used for the past two decades (Schmitthenner et al. 1994). We reported previously the 
isolation of two classes of functional soybean Rps1-k genes (Gao et al. 2005). We have also 
reported mapping of a large cluster of paralogous Rps1-k sequences to the Rps1-k region 
(Bhattacharyya et al. 2005). Rps1-k has been mapped to an approximately 600 kb region 
physically spanned by several overlapping BAC clones (Bhattacharyya et al. 2005). In the 
present study, we have sequenced three of these BAC clones containing the Rps1-k genes to 
gain insights into the soybean genome organization and evolution of Rsp1-k genes. 
 
RESULTS 
Sequence of three BAC clones spanning the Rps1-k locus 
Rps1-k was previously mapped to a region flanked by two markers CG1 and TC1 
(Kasuga et al. 1997). To aid the identification of the Rps1-k gene and to understand the 
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composition of the Rps1-k region, three overlapping BAC clones, GS_18J19, GS_43D16 and 
GS_99I16, from the Rps1-k locus were chosen for sequencing (Bhattacharyya et al. 2005). A 
total of 4,093 reads (829, 1,189 and 2,065 reads for GS_18J19, GS_43D16 and GS_99I16, 
respectively) were generated from these BAC clones. GS_18J19, GS_43D16 and GS_99I16 
were sequenced to a 14-, 12- and 9−fold redundancies, respectively. A single contig of 
38,533 bp was obtained for GS_18J19 after the initial assembly.  Three and five cotigs were 
obtained from assembling of sequences derived from GS_43D16 and GS_99I16, 
respectively. The resulting contigs of GS_43D16 and GS_99I16 were ordered into individual 
scaffolds manually, in which the order and orientation of the contigs were inferred by mate 
pairs (sequences obtained from both ends of a ~20 kb shotgun clone) (Venter et al. 2001). 
The clones that span the gaps between two adjacent contigs were identified based on mate 
pairs and were used to obtain sequences of the gap regions. Primers for walking towards the 
gaps were designed based on the sequences of contig ends from which walking were 
initiated. To guarantee the high sequence quality, less sequenced regions were further 
sequenced by primer walking approach in which primers specific to a target region were used 
for sequencing. After initial assembly and gap filling, a total of 70,841 and 164,451 bp 
sequences were obtained from GS_43D16 for GS_99I16, respectively. The assembled 
GS_18J19 sequences represent one end of the GS_43D16. 
Directional sequencing of GS_43D16  
Earlier, partial sequencing of the three BAC clones had allowed us to identify 
candidate Rps1-k genes. The functional identities of Rps1-k genes were confirmed through 
stable transformation in soybean (Gao et al. 2005). Two classes of Rps1-k genes were 
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identified. The three Class I Rps1-k genes are identical in their ORF sequences. The Class I 
gene, Rps1-k-3, showed a recombination breakpoint at the 3’ untranslated region originating 
from sequence exchange between members of both classes of genes (Gao et al. 2005).  
The existence of identical Rps1-k genes and abundant repetitive sequences made it 
very difficult to accurately assemble the sequences of the BAC clones; and we could not 
locate the recombinant Rps1-k-3 gene on the assembled sequences. With an effort to solve 
this problem, GS_43D16 was subjected to directional sequencing using the EZ::TN 
<NotI/KAN-3> transposon of the EZ::TN in-Frame Linker Insertion Kit (Epicentre, 
Madison, WI). GS_43D16 was subjected to directional sequencing because Rps1-k-1, Rps1-
k-2 and Rps1-k-3 were cloned from this BAC (Gao et al. 2005). Two hundred and twenty-
four EZ::TN <NotI/KAN-3> transposon insertion GS_43D16 clones were randomly selected 
for further analysis. To physically map transposon insertion sites, each clone was digested 
with NotI and hybridized to GS_43D16 end-specific probes in Southern blot analyses (Fig. 
1). There are three NotI sites in GS_43D16; one in the insert soybean genomic DNA and two 
flanking the cloning HindIII site in the pBelloBAC11 vector. Therefore, NotI digestion of 
GS_43D16 resulted in three NotI fragments (Fig. 1); (I) a large DNA fragment of ~ 55 kb, 
(II) a small DNA fragment of ~ 15 kb, and (III) the pBelloBAC11 vector sequence. There are 
two NotI sites flanking the kanamycin resistance gene of the EZ::TN <NotI/KAN-3> 
transposon. Therefore, if there is a single transposon insertion in the GS_43D16 clone, then 
five fragments including the ~1.2 kb transposon, should be generated following NotI 
digestion (Fig. 1).  
We randomly analyzed 224 transposon-inserted GS_43D16 clones. One hundred and 
sixty-two of these clones showed to contain the transposon in the large fragment; 40 of them 
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in the small fragment; and 22 in the pBelloBAC11 vector. The frequency of transposon 
insertion to the three NotI fragments was proportional to the size of these fragments, with 
larger fragments showing more frequent insertions as compared to the smaller fragments.  
Clones containing transposon insertions in the vector pBelloBAC11 were not considered for 
further study. Approximate physical locations of transposon insertions in individual NotI 
genomic DNA fragments were determined by Southern analyses as shown in Fig. 1. Based 
on the physical location of transposon insertions, 114 GS_43D16 clones containing 
transposon insertions in either the 15 or 55 kb NotI fragment were selected for sequencing by 
using transposon end-specific primers. Only about 50% percent of the clones produced 
sequences that were readable. We performed pairwise sequence comparison between the 
assembled GS_43D16 sequence and sequences obtained from individual transposon inserted 
GS_43D16 clones and determined the transposon insertion sites in GS_43D16.  
We randomly picked 224 transposon-inserted clones. Although we observed that the 
number of transposon insertion is proportional to the size of NotI fragments, we did not 
observe any insertions in two regions, one is about 5 kb in fragment II (~15 kb) and the other 
one is around 10 kb in fragment I (~55 kb). Whether this was due to biasness in transposon 
insertion or due to sampling variance is yet to be determined.  
To further confirm the quality of 70,841 bp assembled GS_43D16 sequence, KpnI 
and SalI maps generated from the assembled sequence were verified as follows. GS_43D16 
clones carrying transposon insertions at various regions were selected and double digested 
with either (i) KpnI and NotI or (ii) SalI and NotI. Use of the transposon inserted GS_43D16 
clones allowed us to reduce the size of individual restriction fragments one can expect from 
restriction digestion of GS_43D16. The predicted restriction KpnI - NotI map based on the 
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assembled GS_43D16 sequence is shown in Fig. 2A. Following digestion with both enzymes 
two additional fragments including the 1.2 kb transposon were produced. Depending upon 
the position of the transposon in a given KpnI or KpnI-NotI fragment two fragments of 
variable sizes were produced (Table 1). Comparison of observed fragment sizes with that of 
expected fragment sizes showed that there is general agreement between the observed and 
expected fragment sizes. Similar results were also obtained from the studies of the same set 
of GS_43D16 clones for the SalI and NotI double digestion (Supplementary Fig.1 and 
Supplementary Table 1). Taken these data together, we concluded that the generated 
GS_43D16 sequence represent the physical distance of the soybean DNA fragment of that 
clone and no major mistake has been made in the assembling the GS_43D16 sequence. 
Gene content of the Rsp1-k locus 
GS_18J19 overlaps with one end of GS_43D16. GS_99I16 comprised 51,109 kb 
sequences of GS_43D16. Between the overlapping sequences of GS_18J19 and GS_43D16 
and between GS_43D16 and GS_99I16 we observed 99.99% and 99.84% identities, 
respectively. These results indicate high quality of the assembled sequences.  We determined 
the gene contents in a contiguous 184,182 kb sequence of the Rps1-k locus derived from the 
GS_43D16 and GS_99I16 sequences. Genes were predicted with GeneScan and 
GeneMark.hmm ES-3.0 programs (Lomsadze et al. 2005). To obtain more accurate 
prediction, genes predicted from GENSCN and GeneMark.hmm, or sequences having 
similarities to soybean ESTs were further analyzed by different NCBI Blast programs and 
sequence alignment programs. Putative annotations of the predicted genes were 
accomplished by BlastP searches. The gene content in the Rsp1-k region appears to be poor. 
Only a few full-length genes were predicted including two coiled coil-nucleotide binding –
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leucine-rich repeat  (CC-NB-LRR)-type Rps1-k genes (Figure 3, Table 2). Most of the 
identified genes are truncated. Genes were considered truncated when their predicted reading 
frames are partial. For example, the predicted cystein proteinase shares an 88% identity with 
the first 126 amino acids of a soybean cysteine proteinase protein (BAA06030) followed by a 
premature stop codon. The predicted protein product with armadillo/beta-catenin-like repeats 
has a 41% identity from amino acids 198 to 447 with an Arabidopsis protein NP_197434. 
BlastN search against the soybean EST database was performed to support our gene 
prediction. ESTs showing high similarities but no identities to most of the predicted genes 
including the truncated ones were identified (Table 2). 
Repetitive sequences 
The major portion of the contiguous 184,182 kb sequence of the Rps1-k locus is 
comprised of repetitive sequences, including simple repeat sequences, tandem repeats and 
retroelements. The simple repeat sequences and tandem repeat sequences were identified 
using Sputnik and tandem repeats finder. Sixteen simple repeat sequences were identified 
(Table 3). Sixty-three tandem repeats were revealed with copy numbers ranging from 1.8 to 
72 and unit length varying from 7 to 310 bp (Table 4). The consensus motif length of the 
tandem repeat containing 72 copies is 24 bp. Sequence data from individual reads confirmed 
that they are tandem repeats in head-to-tail orientation. This sequence was used to query the 
soybean GSS (genomic survey sequence) database and a number of sequences with high 
identities were revealed. The one (CL868124) showing highest identity to the consensus 24 
bp tandem sequence came from the project on characterization of the heterochromatic, gene-
poor centric regions of chromosomes of soybean.  
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Another abundant tandem repeat contains the consensus AATCAAG sequence. 12.3 
copies of this repeat sequence were found between positions 163826 to 163911 and 11.3 
copies between positions 1782654 to 178343. Several soybean tandem repeat sequences, 
SB92, STR120 and STR102, have been identified (Lin et al. 2005; Morgante et al. 1997; 
Vahedian et al. 1995). Seven copies of a tandem repeat sequence with 102 bp unit length 
were also found in the Rps1-k locus, but it shares no similarity with STR120 or STR102.   
The ~20 kb intergenic sequence between Rps1-k-1 and Rps1-k-2 is primarily made up 
of repetitive sequences. Four simple repeat sequences localized in this interval. Notably, a 
220 bp sequence was found at two locations, one between positions 24349-24568 and the 
other one between positions 29994-30213. This sequence encodes part of a protein sharing 
high similarity to the receptor-like protein kinase, Xa21 (BAD27933).  
 A copia/Ty1-like retroelement, SIRE1-8, was identified from the Rps1-k locus. The 
two LTRs of the SIRE1-8 element are identical. The 9.5 kb sequence encoding the SIRE1-8 
element was used to query the soybean EST database, two ESTs (CB063565 and CO983516) 
showed 99% identity to part of the gag-pol encoding sequence, one EST showed 92% 
identity to the LTR and one EST exhibited similarities to the envelope-like sequence. 
Theoretically, the two LTRs of a retroelement are identical at the time of their insertion. The 
divergence of the two LTRs can be used to determine the age of a retroelement. One base 
difference was detected between the LTRs of a SIRE1 element, and it was estimated that the 
insertion of this element in the soybean genome occurred about 30,000 years ago (Laten et al. 
2003). The identical LTRs of the identified SIRE1-8 element suggest that it was inserted into 
the Rps1-k region within the past 30,000 years. Several lines of evidence imply that SIRE1 
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may have active members (Laten et al. 2003). The SIRE1-8 element identified in the Rps1-k 
region further supports this hypothesis. 
 
DISCUSSION 
Rps1-k was previously mapped to a region flanked by two markers CG1 and TC1 
(Bhattacharyya et al. 2005; Kasuga et al. 1997). In our present study, we have sequenced 
three overlapping BAC clones from the region containing Rps1-k genes (Gao et al. 2005). As 
previously reported, a total of 13 subclones in the binary vector pTF101.1 generated from 
these BAC clones were shown to contain leucine-rich repeat sequences (Gao et al. 2005). 
Each clone was sequenced completely. From sequencing these 13 clones in pTF101.1, we 
identified one binary clone that contains Rps1-k-3.  However, this Rps1-k-3 gene was not 
found in the assembled BAC sequences.  The binary vector pTF101.1 clone, p43-10, 
harboring Rps1-k-3 was originated from a library that was generated from GS_43D16 DNA 
digested partially with BamHI. We have verified its recombination of the 3’-end sequence 
through various enzyme digestion analyses of the binary clone. We also showed a DNA 
fragment presumably representing the recombinant 3’ end region of Rps1-k-3 through 
Southern analysis of soybean genomic DNA (Gao et al. 2005). However, restriction mapping 
of GS_43D16 for two restriction endonucleases using the asequence and GS_43D16clones 
carrying transposon insertions suggested strongly against the presence of Rps1-k-3 in the 
Rps1-k region. Therefore, we propose that the Rps1-k-3 gene must have originated through 
recombination in E. coli during the development of binary constructs for complementation 
analysis.  
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We analyzed the insert DNA sequence in p43-10 and identified intact BamHI sites as 
expected at its both ends. We then compared end sequences of the insert DNA in p43-10 with 
the assembled GS_43D16 sequence. The two BamHI sites of the insert DNA containing 
Rps1-k-3 correspond to the first and third BamHI sites of the assembled BAC sequence (Fig. 
4). This suggests that the middle portion of about 36 kb BamHI fragment between the first 
and third BamHI sites was deleted in the p43-10 binary clone through a intramolecular 
recombination event (Supplementary Fig. 2) (Weisberg and Adhya 1977). We identified 
Rps1-k-3 only from GS_43D16 (Gao et al. 2005). Therefore, earlier we concluded that 
GS_18J19 and GS_99I16 do not overlap. Analysis of the assembled sequence suggests that 
the Rps1-k locus contains two distinct CC-NB-LRR type genes, Rps1-k-1 and Rps1-k-2. 
The Rps1-k-1 and Rps1-k-2 genes are about 20 kb apart (Fig. 3). Plant R genes often 
occur in clusters, and genes within one cluster are mostly derived from a common ancestor 
(Richly et al. 2002). Three distinct CC-NBS-LRR gene families were identified in the Mla 
locus within a 240-kb region (Wei et al. 1999; Wei et al. 2002). Plants have to generate novel 
resistance specificities to combat the quickly evolved pathogens. The clustering feature can 
facilitate the expansion of R gene numbers and the generation of new R gene specificities 
through recombination and positive selection (Michelmore and Meyers 1998). The Rp1 rust 
resistance locus in maize has nine paralogues. It provides a good example of unequal 
recombination at a complex locus for expansion of a gene family (Hulbert et al. 2001). An 
unequal crossing over event was detected at the Rps1-k region (Bhattacharyya et al. 2005).  
Genomes of higher plants vary significantly in their size and complexity. Repetitive 
DNA sequences have been shown to be the major determinant of genome sizes in higher 
plants (Kubis et al. 1998). The prevalence of transposable elements and retroelements can 
 108
promote unequal crossing-over leading to transposon-mediated rearrangements and gene 
duplications (Fedoroff 2000). It has been hypothesized that transposable elements play a 
major role in the expansion and diversification of disease resistance gene family (Song et al. 
1997). The abundance of retroelements has been observed on several R genes or RGA loci, 
such as barley powdery mildew resistance gene, Mla, and Citrus virus resistance gene, Ctv 
(Wei et al. 2002; Yang et al. 2003). The variability among 14 rice Xa21 gene members has 
been considered to be evolved mainly from the rearrangements mediated by transposon-like 
elements (Song et al. 1997). Rps1-k genes are arranged closely. About 38 copies of an R 
gene-like sequence were identified in the soybean genome. Most of the copies are clustered 
in the Rps1-k region (Bhattacharyya et al. 2005). A copia-like retroelement, Tgmr, has 
previously been reported from the Rps1-k region (Bhattacharyya et al. 1997). It is possible 
that retrotransposons facilitated the amplification of the Rps1-k gene family.  
In many plant species such as A. thaliana and M. tuncatula, chromosome arms are 
differentiated into euchromatic and heterochromatic regions (Fransz et al. 1998; Fransz et al. 
2000; Kulikova et al. 2001).  Recently, Lin et al. (2005) showed that in soybean 
heterocharomatic regions are also delimited from euchromatins. Studies in Arabidopsis, 
Medicago and tomato have shown that the euchromatin has a high gene density, whereas 
pericentromeric heterochromatin is largely comprised of repetitive sequences (Initative 2000; 
Kulikova et al. 2001; Wang et al. 2006). The Rps1-k region is composed of mostly tandem 
repeat sequences and retroelements (Fig. 3; Table 3). The gene content is very similar to that 
of a soybean BAC clone identified from the pericentromeric heterochromatin (Lin et al. 
2005). FISH mapping showed that SIRE1 and other retroelements are sequestered to the 
heterochromatic and/or percentromeric regions (Lin et al. 2005). Considering the fact that 
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tandem repeat sequences and retroelements including SIRE1 are commonly abundant in 
heterochromatic and/or pericentromeric regions of the soybean genome, the Rps1-k region is 
most likely located in the heterochromatic and/or pericentromeric regions.  
Microcolinearities of the Rps1-k locus with genomic sequences of plant species such 
as Arabidopsis thaliana, Medicago truncatula and Lotus japonicus (sequences available in 
the GenBank as of August 24, 2006) were investigated. An R protein-like sequence identified 
in a genomic clone MTH2-138E10 of M. truncatula shows 65% identity with Rps1-k-2. 
However, there is no other syntenic region observed beyond this R gene-like sequence. A 
limited synteny of the Rps1-k locus was observed with the L. japonicus genome. Two copies 
of a resistance gene homolog that are located five kb apart in the L. japonicus genome 
showed 54%-58% identity with the Rps1-k-2 protein. These two genes are located in two 
overlapping L. japonicus BAC clones, LjT02F05 and LjT20J15. No nucleic acid sequence 
similarity was identified between these two Lotus BAC clones and the Rps1-k region beyond 
the Rps1-k genes.  
It has been reported that plant disease resistance gene loci exhibit extensive loss of 
synteny. R gene-like sequences frequently lack syntenic map locations between the cereal 
species rice, barley, and foxtail millet (Leister et al. 1998). Effort to clone the rice homolog 
of the barley Rpg1 gene was unsuccessful, because it was missing in the syntenic region, 
although the DNA makers flanking Rpg1 were syntenic between rice and barley (Han et al. 
1999). These observations implicate that R gene loci evolve faster than the rest of the 
genomes. This is further supported by comparative sequence analysis conducted in crucifer 
and grass (Gale and Devos 1998). R genes may be located in less stable regions of the 
genome such as telomeric or pericentromeric regions where synteny is poorly conserved 
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(Michelmore 2000). The tomato Tm-2 gene resides in a heterochromatic region near the 
centromere of chromosome 9 (Motoyoshi et al. 1996). The barley Rpg1 gene is located near 
the telomere of the short arm of barley chromosome 1 (Han et al. 1999). The tomato Mi-1 
gene is located at the border region between euchromatin and heterochromatin (Zhong et al. 
1999). The lack of microsynteny of the Rps1-k region with the currently available genome 
sequences and abundance of repeat sequences in the locus suggest that Rps1-k is mostly 
likely located in the pericentromeric heterochromatin region. 
 
MATERIALS AND METHODS  
BAC DNA sequencing  
The details of sequencing strategies of the three BACs, GS_18J19, GS_43D16  and 
GS_99I16 were described previously (Gao et al. 2005). The sequence reads generated were 
assembled using the Phred/Phrap/Consed package (Ewing et al. 1998; Gordon et al. 1998).  
Directional sequencing of GS_43D16  
The EZ::TN <NotI/KAN-3> transposon insertion BAC clones were generated using 
the EZ::TN in-Frame Linker insertion kit (Epicentre, Madison, WI). The transposon insertion 
sites were mapped by NotI digestion. Southern blot analysis was carried out to physically 
map the position of transposon insertion in each clone. Both ends of GS_43D16 were used as 
probes. The 5’-end sequence of GS_43D16 was amplified with primers: (i) GS_43D16 
end1F: CTGTAAATTATAAACACATGCCAT and (ii) GS_43D16 -end1R:  
GCTGAATTTCAGTGTAG TGGCGTTTAC. The 3’-end sequence of GS_43D16 was 
amplified with primers: (i) GS_43D16 end2F: CCCATCCTCATTAATACTTCACACCAC 
 111
and (ii) GS_43D16 end2R: GTAGTGGAAGTCTATAGTTGTATACCTCTC. BAC DNA 
was prepared using the alkaline lysis minipreparation procedure. The clones were sequenced 
in a 96-well plate using either NotI/KAN-3 FP-2 or NotI/KAN-3 RP-2 primer provided in the 
EZ::TN in-Frame Linker insertion kit (Epicentre, Madison, WI). Sequencing was conducted 
at the Iowa State University DNA Facility. 
Gene prediction and sequence analysis  
Two gene prediction software packages were applied to the BAC sequences:  
GENSCAN and GeneMark.hmm ES-3.0 (E - eukaryotic; S - self-training; 3.0 - the version) 
(Lomsadze et al. 2005). The Arabidopsis-based scoring matrix was applied when using 
GENSCAN. Arabidopsis, maize, rice and Medicago were used as model species when 
GeneMark.hmm was applied. To more accurately predict gene content in the Rps1-k region, 
the predicted genes were further analyzed using different BLAST programs of the NCBI 
Basic Local Alignment Search Tool (Blast) server (http://www.ncbi.nlm.nih.gov/BLAST/): (i) 
discontiguous Mega Blast program with entrez query limited to Arabidopsis, lotus, Medicago 
and soybean; (ii) Blastn against the soybean EST database; (iii) BlastX and (iv) BlastP. EST 
distribution on the BAC sequence was evaluated with Blastn against the soybean EST 
database. The simple repeat sequences and tandem repeat sequences were identified using 
Sputnik (http://tandem.bu.edu/trf/trf.submit.options.html) and tandem repeats finder programs 
(http://tandem.bu.edu/trf/trf.submit.options.html), respectively. 
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Fig. 1. Physyical mapping of the sites of EZ::TN <NotI/KAN-3> transposon insertion in a 
soybean bacterial artificial chromosome. Individual GS_43D16 clones containing the EZ::TN 
<NotI/KAN-3> transposon were digested with NotI. NotI digestion releases three fragments 
in GS_43D16, fragment I, II and III, which are shown in the last lane. Note that fragment III 
is comprised of the pBelloBAC11 vector sequence. (a), GS_43D16  clones carrying the 
transposon in the NotI fragement I. The top panel showed the gel of NotI digested DNA of 
the indicated clones carrying the transposon; the lower panel showed the Southern blot data 
of the gel shown in the top panel that were used in determining the insertion site of the 
transposon in the NotI fragment I. The probe for Southern analysis was obtained by PCR of 
the end 411 bp sequence of GS_43D16 that overlaps with GS_99I16.  Note that sizes of NotI 
fragments II and III are same in all the clones. (b), GS_43D16  clones carrying the 
transposon in the NotI fragement II. The top panel showed the gel of the NotI digested of the 
indicated clones carrying the transposon; the middle panel showed the Southern blot data of 
the gel shown in the top panel. The lower panel showed the distribution of clones carrying 
the transposon at various regions of the NotI fragment II. One dot represents one clone 
containing the transposon at the particular location of the NotI fragment shown by that dot. 
The 245 bp probe for Southern analyses was obtained by PCR of the GS_43D16 end that 
does not overlap with GS_99I16. 
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Fig. 2. Restriction analyses of selected GS_43D16 clones carrying the EZ::TN <NotI/KAN-
3> transposon insertions. Clones selected for this study carry the transposon in the ~55 kb 
NotI fragment. (a), KpnI and NotI map of the assembled GS_43D16  sequence. (b), KpnI and 
NotI double digestion of selected GS_43D16 clones carrying the transposon. DNA of the 
indicated GS_43D16 clones carrying the transposon was digested with KpnI and NotI. Three 
common fragments shown by black arrows represent (i) the 10.988 kb KpnI-NotI soybean 
DNA carrying no transposon in all clones; (ii) 4.8 kb KpnI-NotI soybean fragment carrying 
no transposons in all clones, and (iii) 2.8 kb KpnI fragments released from the pBeloBAC11 
vector used to generated the soybean articial chromosome.  Some bands were not resolved 
because of similarities in their mobilities. For example, in most of the clones the top band 
actually includes two fragments with size about 17 kb. Depending on the transposon insertion 
site, two fragments of various sizes were generated from a specific KpnI or KpnI-NotI 
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fragment of the clone in addition to the 1.2 kb NotI transposon fragment (not shown). Take 
the clone 29 as an example. The clone carries a transposon insertion [shown by an inverted 
triangle in (a)] at position 20,419 based on comparison of the transposon primer driven 
sequence with the assembled GS_43D16 sequence. Two NotI sites of the transposon at this 
insertion site divided the 10.1 kb NotI-KpnI fragment into ~4.7 kb and 5.8 kb fragments 
shown by two white arrows. The first and last lanes are λ/Hind III ladders. The second lane is 
1 kb DNA ladder (New England Biolabs Inc., Beverly, MA). The results of this restriction 
analyses are presented in Table 1. 
 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 kb
50.0 55.0 60.0 65.0 70.0 75.0 80.0 85.0 90.0 95.0 100.0 kb
150.0 155.0 160.0 165.0 170.0 175.0 180.0 184.182 kb
100.0 105.0 110.0 115.0 120.0 125.0 130.0 135.0 140.0 145.0 150.0 kb
123
 
Fig. 3. Arrangements of predicted genes and retrotranspons in the Rps1-k region. The green colored boxes represent full-
length genes; the red colored boxes represent partial genes; the blues colored boxes represent retroelements; white boxes 
represent introns in the predicted genes. Boxes above the ruler represent genes that have coding sequence on the forward 
strand, whereas the boxes under the ruler indicate the genes that are on the reverse strand. 
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Table 1.  Restriction fragments produced from the KpnI-NotI double digestion of 
GS_43D16 clones carrying the EZ::TN <NotI/KAN-3> transposon. 
Fragment size from KpnI/NotI double digestion2 Clone 
ID 
Approximate 
position of 
transposon1 Actual Expected
3 
120 15,171 ~ 9 kb (can not see the small one) 1.1 kb, 9.5 kb 
1184 19,414 ~ 4.7 kb, ~ 6 kb and one more band ~5.3 kb, ~4.7kb 
29 20,255 ~ 5 kb, ~ 6 kb ~5.6 kb, ~4.8kb 
37 20,421 ~ 6.2 kb, 3.5 kb ~5.9 kb, ~4.3 kb 
146 21,272 7 kb (the small band cannot be distinguished) ~6.7 kb, ~3.5 kb 
231 35,785 ~10 kb (can not see the small band) ~11 kb, ~0.8 kb  
205 38,493 ~15 kb (can not see the small band) ~15 kb, ~1.8kb 
66 39,577 ~13 kb (the small band cannot be distinguished) ~ 13 kb, ~ 3 kb 
129 39,494 ~13 kb (the small band cannot be distinguished) ~ 13 kb, ~ 3 kb 
65 42,203 ~11 kb, 6 kb ~11 kb, ~5.6 kb 
213 44,991 ~9kb, ~8 kb ~8.7 kb, ~7.4 kb 
147 45,914 ~10 kb, ~9 kb ~9.3kb, ~7.8 kb 
123 46,269 ~9.4 kb, ~8 kb ~9.7 kb, ~ 7.4 kb 
99 49,522 ~ 13 kb (the small band cannot be 
distinguished) 
~13 kb, ~4.2 kb 
199 52,488 ~17 kb (can not see the small band) ~16 kb, ~ 1.3 kb 
64 53,474 ~17 kb (can not see the small band) ~16 kb, ~ 0.3 kb 
36 68,935 ~15 kb, ~3,5 kb ~15 kb, ~3.4 kb 
164 70,165 ~ 17 kb (the small band cannot be 
distinguished) 
~17 kb, ~2.8 kb 
1The sequence flanking the transposon of the transposon inserted GS_43D16 clones were compared 
with the assembled GS_43D16 sequence. 
2 Only the fragment derived from transposon insertion. 
3 The expected fragments sizes based on the restriction map of the assembled GS_43D16 sequence. 
4 Unlike the other clones, it has one more band present. 
 
 
 Table 2. Gene annotations of the Rps1-k region 
Gene ID Position 1 Predicted gene annotation Closest protein homolog BLASTP  
E value 
Soybean ESTs  
(E ≤ e-50) 
1 792-4102 (+) RNA-directed DNA polymerase Medicago truncatula 
ABE92772 
8e-04 0 
2 12913-12472 (-) Putative translational activator Oryza sativa 
AAT77858 
3e-10 0 
3 14946-14674 (-) Retrotransposon gag protein Medicago truncatula 
ABE90017 
1e-13 0 
4 18019-21708 (+) Rps1-k-1 Glycine max 
AY963292 
0 14 
5 30186-32800 (+) Unknown protein/Exocyst complex 
component 2 
Arabidopsis thaliana 
NP_173541, NP_177811 
0.001 0 
6 35179-34161 (-) Possible ATP adenylyltransferase Synechococcus sp. WH  
ZP_01086468 
0.11 0 
7 42452-46201 (+) Rps1-k-2 Glycine max 
AY963293 
0 14 
8 63302-62705 (-) CBL-Interacting protein kinase 15 
 
Serine/threonine Kinase (partial seudogene) 
Arabidopsis thaliana 
NP_195801 
Persea Americana 
AAL23677 
6e-69 
 
3e-68 
4 
9 69126-68921 (-) Ribosomal protein S6 Glycine max 
AAS47511 
4e-7 17 
10 72246-72004 (-) Ribonuclease H Arabidopsis thaliana  
AAF_23831 
9e-6 0 
11 74095-74446 (+) Putative gag-pol polyprotein Solanum demissum 
AAW28578 
8e-25 0 
12 76950-78815 (+) Conserved hypothetical protein Medicago truncatula 
ABD32262 
3e-40 4 
13 79282-86280 (+) Gag/pol polyprotein Pisum sativum 
AAQ82033 
0 19 
14 86648-89762 (+) Hypothetical protein/envelope-like protein Arabidopsis thaliana 
AAR99360, AAD28650 
0.23 0 
15 90317-92266 (+) Hypothetical 65 kDa avirulence protein in 
avrBs3 region 
Xanthomonas campestris 
pv. vesicatoria P14729 
5e-5 7 
16 92658-96559 (+) Gag-pol polyprotein Zea Mays AAM94350 2e-147 21 
17 96817-97301 (+) Integrase Gossypium hirsutum 
AAP43919 
1e-63 0 
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 Table 2. (continued) 
Gene 
ID 
Position 1 Predicted gene annotation Closest protein homolog BLASTP  
E value 
Soybean ESTs  
(E ≤ e-50) 
18 97430-97881 (+) Putative retrotransposon polyprotein Ipomoea batatas 
AAV88076 
6e-27 0 
19 102494-98487 (-) Putative non-LTR retroelement reverse 
transcriptase(LINE-1 reverse transcriptase 
homolog ) 
Arabidopsis thaliana 
AAC63844 
1e-32 0 
20 111981-102293 (-) Protein binding with ARM, Armadillo/beta-
catenin-like repeats) (middle part 198—
447) 
Arabidopsis thaliana 
NP_197434 
6e-37 0 
21 113419-113916 (+) NADH dehydrogenase subunit 1 
(only the N-terminal 70 aa) 
Trichosurus vulpecula 
NP_149931 
3.9 77 
22 114088-115118 (+) MAD2 
(only the N-terminal 65 aa) 
Triticum aestivum 
BAD90977 
3e-17 5 
23 117048-116804 (−) Cytochrome c oxidase subunit II  
(the N-terminal 40 aa) 
Cynomys ludovicianus 
AAK52712 
5.1 2 
24 117709-119789 (+) Cysteine proteinase  
Vacuolar processing enzyme precursor 
(the N-terminal 118 aa) 
Glycine max 
BAA06030  P49045 
3e-49 13 
25 123937-123409 (−) Unknown protein  
(partial pseudogene) 
Arabidopsis thaliana 
NP_190603 
2e-26 3 
26 127141-126821 (−) L-lactate dehydrogenase  
(partial pseudogene) 
Lycopersicon esculentum 
CAA71611 
9e-27 7 
27 131083-132033 (−) Ovarian tumour Medicago truncatula 
ABD33214 
9e-6 0 
28 131753-138850 (−) Glycoside hydrolase  
Integrase, catalytic region 
(partial pseudogene) 
Medicago truncatula 
ABD33337  
Medicago truncatula 
ABD32527 
0 6 
29 139054-139575 (+) Unnamed protein product  
(c-terminal 173 aa) 
Oryza sativa  
NP_912905 
5e-60 3 
30 140361-140014 (−) Gag-pol polyprotein Glycine max 
AAQ73529 
1e-34 3 
31 143050-141148 (−) Glycoside hydrolase, family 1, Zinc finger, 
CCHC-type; Ribonuclease H fold 
Medicago truncatula 
ABD333337 
2e-54 0 
32 145152-148184 (+) Dynein Oncorhynchus mykiss 
CAA33503 
1e-10 4 
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 Table 2. (continued) 
Gene 
ID 
Position 1 Predicted gene annotation Closest protein homolog BLASTP  
E value 
Soybean ESTs  
(E ≤ e-50) 
33 145722-145277 (−) Prion-like Q/N-rich domain protein PQN-33 Gallus gallus 
XP_428546 
6e-48 3 
34 154355-155745 (+) Oxidoreductase (pseudogene) Arabidopsis thaliana 
NP_201530 
2e-21 7 
35 159487-160392 (+) Gag/pol polyprotein Pisum sativum  
AAQ82037 
5e-28 9 
36 165713-166447 (+) Glycoside hydrolase, family 1, Zinc finger, 
CCHC-type; Ribonuclease H fold 
Medicago truncatula 
ABD333337 
6e-29 1 
37 167488-176781 (−) SIRE1-8 retroelement Glycine max 
AY205610 
0 5 
1 + indicates the coding sequence is on the forward sequence, while − indicates the coding sequence is on the reverse sequence. 
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Table 3. Simple repeat sequences in the Rps1-k region 
Position Repeat Unit Copy Number 
7619-7663 AT 22 
9814-9851 AT 19 
24196-24231 AT 18 
34682-34732 AT 25 
38898-38960 AAT 21 
41328-41354 AAT 9 
51716-51901 AT 93 
53915-53944 AT 15 
59145-59168 TC 12 
64934-64989 AT 28 
110292-110313 AT 22 
112406-112477 AT 36 
116097-116116 AT 10 
116665-116714 AT 25 
127258-127281 AG 12 
181688-181759 AT 36 
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Table 4. Tandem repeat sequences in the Rps1-k region 
Position Consensus sequence of tandem repeat unit Copy number 
4872-4907 TTAATAAATTTATT 2.6 
5279-5311 TTTATT 2.5 
7219-7253 TTTTATTATTTAAATAT 2 
7328-7366 TTTTAAGTTAACATAAATT 2 
13986-14041 CTTATATTTTTTTTAT 3.5 
14069-14121    TTTAAATCTTTTATTTTTACC 2.5 
28228-28272 TTTATTTATAAGATTATTTAAT 2 
34767-34826 ATGCAAACATATATACATGC 2.9 
65181-65235 TCATTACTAAAAAAAAATAG 2.8 
65966-66017 GCCAGCATGCATGTATATC 2.7 
70677-70718 TAAAAAGTTGAATAGATAC 2.2 
72634-72694 CATTAAGTTCTTTTAATTCCTAGGTTAGTGG 2 
75090-75128 CGTTCTTCAT 3.8 
87791-87926 TGAATATATATAGCATGAAAATGCCTTGCAAAATA 3.9 
89787-89849 AAATAGAAAAGGAAAGAAAATG 2.9 
90350-90511 AAAAAGAAAAGAAAGGAAATTCCCAATCAAAGAGAAAGC 3.8 
90381-90538 GAGAAAGCAAAAAGAAAAGAAAGGAAATTCCCAATCAAAGAGTGG 3.5 
91333-92076 TACGCGGAGATACCTTACGGTTATCCGCACCCCCTTTGCCATTCAG
ACACAGTCGTGTCCGTTGGCAAGCAGAGACCAAGTTTGGTCATTCT
GCACACATGA 
7.3 
92743-92779 GCTCGCCTGGGCGAGCTGA 1.9 
98273-98333 CATTAAGTTCTTTCAATTCATAGGTTAGTGG 2 
113516-113540 AAAAACCGTCTTA 1.9 
120828-120857 TTTTTTTTTCC 2.7 
122442-122512 ATCAAATAAAATGCTTGCAGATCA 3 
124367-124513 AAAAAAAATTGAAGATTCTAAGACAGTTTTTAGGGAAAACCGTCTT
AGAATGTCTTATTTTAAATAAAAAAAAATT 
2 
133966-134004 AATCAAAGAACAACTCAAGTG 1.9 
134057-134089 TCAAGAA 4.9 
135918-136076 GATCCACAAGGGATGTACCCTCCCTTATTCTCATTACAACAACCCA
AGTAGATGTACCCTCCACT 
2.3 
136235-136365 AAGGGAGAAGAGAGACACAAAAAGAATTCAGGCGGTTAGTCCTTGT
CGATTCTTTTTGGAA 
2.2 
137034-137101 TCTTCTCTTGAATCTTGAATTCAA 2.9 
144892-144919 AGAAAAGGAAAAA 2 
145379-147112 GGACTACACGTCCTCGCCTTCAGA 72 
147479-147972 GGGATCGCGCCCACAAGACACCCAGTGGACCCGAAGGAGTCCAACA
GGGCCCTGGGGTTTCCAGCTCTGGTTACGGGCCTCTGTCAGTCCTA
CAGGGTGCCCGTCCCCCCCAGCAAGGTCACCCCATCGTAACATAGG
TAACTATGCACATCTCTCAACTGATTTCTGATGCCATCCAATATTT
GCA 
2.6 
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Table 4. (continued) 
Position Consensus sequence of tandem repeat unit Copy number 
148467-148657 AAAAATACCTCACAAAATATATATATATTATGTTTAGGTAGCAAGA
TACCTTGGATACACATGTATATAGC 
2.7 
149273-149361 AAAGAAAGTTCCCGATCAAAGATCGAAAGAAAACAAAGAGAAAA 2 
150401-150651 GTATGGTTATCAGCACCTGTCGTCAACCAGGGGCAAACGAGCCCGT
TGACGCGCAGAGACTAACGTCATCTTCTGCACCTTTTGTCAACCAG
AGACAGCGAGTCCAATGACATGTGGAGATACCCAAGCGATTATCC 
1.8 
150612-151127 GCACCTTTTGTCATCCAGAGACAGCGAGTCCGATGACATGCGAGGG
TACCGTATGGTTATCC 
8.3 
150799-150931 CACCTTTCGTCAACCAGGGGCAAACGAGCCCATTGACGCGCAGAGA
CTAACGTCGTCTTCTG 
2.1 
150550-151365 GCACCTTTCGTCAACCAGGGGCAAGCGAGCCCGTTGACGCGCAGAG
ACTAACGTCGTCTTCTGCACCTTTTGTCAACCAGAGATAGCGAGTC
CGATGACATGCGAGGGTAACGTATGGTTATCCGCACCTTTTTTCAT
CCAGAGACAGCGAGTCCGATGACATGCGGGGGTACCGTATGGTTAT
CCGCACCTTTTGTCATCCACAGACGGCAAGTCCGATGACACGCGGA
GGTACCGTATGGTTATCCACACCTTTCGTCAACCAGGGGCAAACGA
GCCCATTGACGCACAGAGACTAACGTCGTCTTCC 
2.6 
150536-151060 CCGTATGGTTATCACACCTTTCGTCAACCAGGGGCAAACGAGCCCA
TTGACGCGCAGAGACTAACGTCGTCTTCTGCACCTTTCGTCAACCA
GAGAGAGCGAGCCCAATGAATGCGAGGCTAACGATCGTTATCCGCA
CCTTTTATCATCCAGAGACGGCTAGTCCGATGACATGCGGGGGTAC
CGTATGGTTATCCGCACCTTTTGTCATCCACAGACAGCAAGTCCGA
TAACACGCAGGGGTA 
2.1 
150901-151386 CGCAGAGACTAACGTCGTCTTCCGCACCTTTTGTCATCCAGAGATA
GCGAGTCCGATGACATGCGGAGGTACCGTATGGTTATCCGCACCTT
TTGTCAACCAGAGGCAAGCGAGTCCGTTGACA 
3.9 
151985-152116 AATCCGTAAAGTTTCGCAACATTCTGGAAGTCAAAACAAGTATTGC
TGCAC 
2.6 
152550-152596 TTCTTCATCG 4.6 
152558-152597 CGTTCTTCATCGTTCTTCGTT 1.9 
153216-153398 CCAAGAGATCGTTAATGGTCCAACGCCTTAACGTTTCTCTCCTTTC
AAAA 
3.6 
153555-153596 AAAAAAGACAAAAAACAT 2.3 
156483-156603 ATCAAACATCACTTGAGATCGTTTCAAGGTCCAACGCCTTAACCAT
TCTCTCCGCTTTTC 
2 
161707-161856 ACATCTGAGAAGAAAACTCATTCGACCAGGAGCTCATGGAAAATTC
CCAAAGACAATTGTGATAGTAGGGT 
2.1 
162626-162804 TTTTAGAGGACTCAAAGTCCTCACCTTTATC 5.8 
163722-163780 ATCAAAGAACAACTCAAGTGA 2.9 
163762-163815 GAATCAAGAACAAGTCAAGACTCAA 2.1 
163765-163818 TCAAGAATCAAGAAGAAT 2.9 
163826-163911 AATCAAG 12.3 
164281-164330 TTCAAAAAGGTTTTAACTTT 2.5 
164461-164485 TTGAATCTCT 2.5 
166799-166839 AGTATTTTCAAAAAT 2.9 
168846-168891 TCATAAATCATGCATAATATCCT 2 
172682-172713 TTTTCTGCA 3.4 
178161-178219 ATCAAAGAACAACTCAAGTGA 2.9 
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Table 4. (continued) 
Position Consensus sequence of tandem repeat unit Copy number 
178201-178254 GAATCAAGAACAAGTCAAGACTCAA 2.1 
178204-178257 TCAAGAATCAAGAAGAAT 2.9 
178265-178343 AATCAAG 11.3 
178713-178762 TTCAAAAAGGTTTTAACTTT 2.5 
180693-180809 AAAGGCACGCTAAGCCCAATTCCAACCGAGAGGAAGTGCACTGAGC
GGCCC 
2.3 
183350-183378 AATTTATGGAGCCA 2.1 
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10 20 30 40 50 60 70 80 kb
BamHI
( 14,900)
BamHI
( 27,988)
BamHI
( 51,151)
Rps1-k-1 Rps1-k-2
 
 
 
 
Fig. 4. The Rps1-k locus contains two CC-NB-LRR genes, Rps1-k-1 and Rps1-k-2. Three 
BamHI sites involved in generation of the binary clone p43-10 carrying Rps1-k-3 (Gao et al. 
2005) are shown on the map. Rps1-k-3 gene presumably originated from recombination in E. 
coli. Solid line shows the region in p43-10 and broken line indicates the region lost during 
the recombination process in E.coli. The two identical 174 bp sequences involved in the 
recombination process are shown by two black boxes surrounding the broken line. The 
broken line represents 36 kb sequence that was deleted during the intramolecular 
recombination for generation of Rps1-k-3. 
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plemental Fig. 1. SalI Restriction analyses of selected GS_43D16  clones carrying the 
restriction analyses are presented in supplementary Table 1. 
salI
(7,111)
SalI 
(20,102)
SalI 
(49,015)
SalI 
(32,336)
SalI 
(70,841)
10 20 30 40 50 60 70
Not I (15,034)Not I (2) Not I (71,474)
78,348 kb
 
(b
12
0
15
6
11
8
36 16
4
29 37 14
6
23
1
20
5
66 12
9
65 14
7
19
9
64 99 12
3
21
3
B
A
C
43
23,130 bp
9,416 bp
6,557 bp
2,322 bp
3 kb
4 kb
5 kb
6 kb
8 kb
10 kb
2 kb
Sup
EZ::TN <NotI/KAN-3> transposon insertions. Clones selected for this study carry the 
transposon in the ~55 kb NotI fragment. (a), SalI and NotI map of the assembled GS_43D16  
sequence. (b), SalI and NotI double digestion of selected GS_43D16  clones carrying the 
transposon. DNA of the indicated GS_43D16  clones carrying the transposon was digested 
with SalII and NotI. The original GS_43D16  digested with SalI and NotI was shown at the 
second to the last lane. Depending on the transposon insertion sites, two fragments of various 
sizes were generated from a specific fragment of clone (not including the 1.2 kb NotI 
fragment representing the transposon itself). The first and last lanes are λ/Hind III ladder and 
1 kb DNA ladder (New England Biolabs Inc., Beverly, MA), respectively. The results of this 
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Supplemental Table 1. Restriction fragments produced from the SalI/NotI double digestion 
of GS_43D16 clones carrying the EZ::TN <NotI/KAN-3> transposon. 
Fragment size from KpnI/NotI double digestion  2Clone 
ID 
Approximate 
position of 
transposon1 Actual Expected
3 
120 ~ 4.8 kb (can not distinguish the 7.9 kb band from the 7.9 kb, 4.8 kb 15,171 
original 7.9 kb band) 
118 19,414 ~ 3.3 kb (can not see the nd) ~4.   small ba 3 kb, ~0.6 kb
29 20,255 Can not distinguish the 7.9 kb band from the original 
7.9 kb band; can not see the small band. 
No difference from the original clone 
~7.9 kb, ~0.15kb 
 
37 20,421 Can not distinguish the 7.9 kb band from the original 
7.9 kb band; can not see the small band. 
No difference from the original clone 
~7.9kb, ~0.3 kb 
146 2 21,272 Can not distinguish the 12 kb band from the original 1
kb band; can not see the small band. 
No difference from the original clone 
~11 kb, ~1.1 kb 
 
231 35,785 ~14 kb, ~3 kb ~13 kb, ~3.4 kb  
205 38,493 ~11 kb, ~6.5 kb ~10.5 kb, ~6.2kb 
66 39,577 ~9.4 kb, ~7.2 kb ~10 kb, ~6.5 kb 
129 39,494 Same as 66 Same as 66 
65 42,203 ~10 kb, ~7 kb ~9.8 kb, ~6.8 kb 
213 44,991 ~12 kb, ~4.1 kb ~12 kb, ~4 kb 
147 45,914 ~13 kb, ~3 kb .1 kb ~13.5 kb, ~3
123 A 46,269 Not enough DN  
99 49,522 Can not distinguish the 20 kb band from the original 21 
t see the small band. 
 the original clone 
 
kb band; can no
No difference from
~20 kb, ~0.5 kb
199 52,488 ~18 kb, 3.4 kb ~18 kb, ~ 3.4 kb 
64 53,474 ~16 kb can not see the 4.4 band ~16 kb, ~ 4.4 kb 
36 68,935 ~19.9 kb, ~1.9 kb ~20 kb, ~3,2 kb 
164 70,165  Can not distinguish the 21 kb band from the original 
 band. 
one 
21 kb band; can not see the small
 the original clNo difference from
~21 kb, ~0.7 kb 
1The
the assem
 seque king the t s w th 
43D16 s
2 Only the fragment derived f
3 
nce flan
bled GS_
ransposon of the transposon inserted GS_43D16 clone
equence. 
ere compared wi
rom transposon insertion. 
The expected fragments sizes based on the restriction map of the assembled GS_43D16 sequence. 
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Supplemental Fig. 2. T mbination 
etween two identical 174 bp sequences led to the deletion of the looped part and resulted in 
the formation of Rps1-k-3. The positions of the two identical 174 bp sequences involved in 
the recombination process are shown. This model is proposed based on the article by 
Weisberg and Adhya (1977). 
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CHAPTER 4 IDENTIFICATION OF PROTEINS THAT INTERACT 
WITH THE PHYTOPHTHORA RESISTANCE SOYBEAN  
PROTEIN Rps1-k-2 
Hongyu Gao and Madan K. Bhattacharyya 
 
Abstract 
In the United States, the annual soybean yield loss suffered from the root and stem rot 
disease caused by Phytophthora sojae is valued at about 300 million dollars. Very little is 
known about the signal transduction process involved in the expression of Phytophthora 
resistance in soybean. In order to identify signal transduction factors for Phytophthora 
resistance, a yeast two-hybrid system was applied using various baits derived from the 
soybean Phytophthora resistance protein, Rps1-k-2. Thirteen candidate signaling factors, 
interacting with Rps1-k-2 in vivo in yeast and in vitro, were isolated. RNA interference 
(RNAi) experiments were conducted to determine the possible roles of the Rps1-k-2-
interacting proteins (RIP) in Phytophthora resistance. RNAi-mediated silencing of four 
putative RIPs, RIP1, RIP4, RIP6 and RIP13 resulted in loss of resistance against P. sojae. 
RIP1, RIP4, RIP6 and RIP13 encode 26S proteasome AAA-ATPase subunit RPT5a, a 
receptor kinase, an expressed protein and a type II metacaspase, respectively. We further 
characterized RIP13. It was isolated using the N-terminal 144 amino acids of Rps1-k-2 
carrying the coiled-coil (CC) domain as the bait. The RIP13 protein showed 60% identity to 
the recently characterized mcII-Pa, a type II metacaspase from Norway spruce. RIP13 is 
rapidly induced upon infection with an avirulent P sojae race. We have shown that RNAi-
induced RIP13 silencing leading to Phytophthora susceptibility was associated with reduced 
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steady state RIP13 transcript levels. This study implicates that RIP13 may be analogous to 
the mammalian effectors caspases, and Rsp1-k-2 may act as an ‘adapter protein’ like Apaf-1 
in initiating plant hypersensitive response-related cell death machinery. 
 
 
 138
Introduction 
Plants survive a variety of pathogen invasions through a network of preformed and 
induced responses (Dangl and Jones, 2001; Hammond-Kosack and Jones, 1996). Plant 
disease resistance genes (R) are the key players in specific gene-for-gene responses. R gene 
products activate defense responses following the recognition of pathogen delivered 
avirulence (Avr) gene products (Dangl and Jones, 2001; Hammond-Kosack and Jones, 1996). 
Over 60 R genes have been cloned and characterized from various plant species (Hammond-
Kosack and Parker, 2003; Martin et al., 2003; Table 1 of Chapter I). The cloned R genes 
conferring resistance to diverse pathogens share highly conserved structural domains/motifs. 
The majority of R genes encode proteins containing nucleotide binding sites (NB) and 
leucine-rich repeats (LRR) domains. This NB-LRR class can be further divided into two 
subfamilies based on their predicted N-terminal structures. One subfamily (CC-NB-LRR) 
carries a coiled-coil or leucine zipper domain at the N-terminal region (Pan et al., 2000). 
Members of the other subfamily (TIR-NB-LRR) contain an N-terminal TIR domain showing 
homology to a domain found in Drosophila Toll and mammalian interleukin-1 receptors 
(Hammond-Kosack and Jones, 1996; Whitham et al., 1994). Although a large number of R 
genes have been cloned, our knowledge of the molecular mechanisms of R-Avr proteins 
recognition and downstream activation remains poor. Therefore, it is of great importance to 
identify proteins that interact with R proteins and participate in R gene-mediated signaling 
process. 
It was previously proposed that plant R protein and pathogen Avr protein interact 
directly. Despite the extensive efforts in validating this model, the available data imply that it 
is rather a rare case. Molecular evidence supporting this model has been obtained only from 
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four plant-pathogen interactions (Deslandes et al., 2003; Dodds et al., 2006; Jia et al., 2000; 
Scofield et al., 1996; Tang et al., 1996). Accumulating data have indicated that multiple 
proteins participate in R gene-mediated disease resistance. Extensive studies have been 
focused on searching components that participate in R gene-mediated specific resistance. 
Most of the identified signaling components participate in multiple R genes mediated 
resistance. In Arabidopsis, NDR1 and EDS1 are required for CC-NB-LRR and TIR-NB-LRR 
R proteins, respectively (Aarts et al., 1998; Martin et al., 2003). RAR1 plays a conserved role 
in both types of NB-LRR R proteins (Azevedo et al., 2002; Liu et al., 2002a; Warren et al., 
1999). RAR1 interacts with SGT1b, ortholog of an essential regulator SGT1 for cell cycle in 
yeast (Azevedo et al., 2002). Both SGT1 and the RAR1-SGT1 complex interact with a 
ubiquitin ligase complex, which indicate that they may be involved in disease resistance 
related protein degradation pathways (Azevedo et al., 2002; Liu et al., 2002a; Peart et al., 
2002). Several recent studies have also found that RAR1 and SGT1 are associated with the 
molecular chaperon HSP90 (Hubert et al., 2003; Liu et al., 2004; Liu et al., 2003; Takahashi 
et al., 2003).  
Among the signaling components identified, some are involved in specific R gene-
mediated disease resistance. RIN4 was identified as a binding partner of the avirulence 
protein AvrB in Arabidopsis (Mackey et al., 2002). It is essential for RPM1- and RPS2-
mediated resistances and it positively regulates the RPM1 function, while its elimination 
initiates the RPS2-dependent hypersensitive cell death. RIN4 appears to interact not only 
with AvrB but also RPM1, RPS2, AvrRpm1 and AvrRpt2 (Axtell and Staskawicz, 2003; 
Mackey et al., 2003; Mackey et al., 2002). PBS1 encodes a serine/threonine kinase and it is 
required for RPS5 function. The cleavage of PBS1 by the avirulence protein AvrPphB 
 140
activates the RPS5-mediated resistance, and the cleavage of PBS is independent of RPS5 
(Shao et al., 2003). Rcr3 is specifically required for Cf-2-mediated resistance in tomato, and 
it interacts with Avr2 directly (Dixon et al., 2000; Rooney et al., 2005). 
The yeast two-hybrid system has been successful in isolating interactors of R proteins 
that participate in signal transduction pathway for plant disease resistance. Proteins that 
interact specifically with several R gene products have been recently isolated. A novel 
protein At-RSH was shown to interact with the NB-ARC domain of RPP5 (van der Biezen et 
al., 2000). Several RPM1 interacting proteins have been identified through yeast two-hybrid 
screening, such as RIN2, RIN3, RIN4 and RIN13 (Al-Daoude et al., 2005; Holt et al., 2002; 
Hubert et al., 2003; Kawasaki et al., 2005; Mackey et al., 2002). Recently, both protein 
phosphatase 5 (PP5) and HSP90 were found to interact with the tomato I-2 (de la Fuente van 
Bentem et al., 2005). We previously reported the isolation of the CC-NB-LRR type soybean 
Rps1-k gene (Gao et al., 2005). Rps1-k confers resistance to P. sojae. In this study, we 
employed Rps1-k-2 in a yeast two-hybrid system with the aim to identify putative signal 
transduction factors involved in the expression of Phytophthora resistance in soybean.  
 
 
Results 
Screening of a soybean prey cDNA library 
To identify proteins that interact with Rps1-k-2, six bait proteins were generated by 
fusing individual domains, CC, NBS and LRR, as well as domain combinations, CC-NBS, 
NBS-LRR, and the Rps1-k-2 open reading frame (ORF), to the DNA-binding domain of the 
pLexA vector (Figure 1). An unamplified prey cDNA library (> 1.2 × 106 colony forming 
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units) was generated from the poly (A+) RNAs of the P. sojae-infected etiolated hypotocyl 
tissues of the resistant cultivar, Willimas 82, harvested two and four hours following 
inoculation.  
A total of 140 putative Rps1-k-2-interactors were identified from screening 
approximately 19.6 million yeast transformants (Table 1). The putative positive cDNA 
clones were sequenced. They were classified into 45 groups based on restriction mapping and 
sequencing data (Table 1). To eliminate some of the false positive clones, clones representing 
each group were then re-investigated for their in vivo interactions with the corresponding 
baits, the empty bait vector pLexA and a non-specific human Lamin C protein in yeast 
(Figure 2). As shown in Table 1, 21 of the clones showed in vivo interactions with their 
respective bait proteins in the second screening. Some of the clones were isolated more than 
once or by more than one bait. For instance, the cDNA clone encoding a receptor kinase was 
isolated four times and displayed interaction with both the CC domain and NB-ARC domain 
of Rps1-k-2.  
In vitro pull down assay 
In vitro interactions between the 21 putative Rps1-k-2-interactors and corresponding 
baits were next determined by conducting in vitro pull down assays. The DNA templates for 
in vitro protein synthesis were generated by PCR, and the PCR products were applied 
directly for protein synthesis. All the baits were fused to an N-terminal FLAG epitope. The 
putative Rps1-k-2-interactors were produced as hemag-glutinin (HA)-tagged proteins. HA-
tagged putative interactors were immobilized on anti-HA agarose. The immobilized proteins 
were subsequently incubated with their corresponding FLAG-tagged bait proteins. Binding 
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proteins were eluted from anti-HA agarose loaded column followed by separation on SDS 
polyacrylamide gel.  Specific interactions were examined by innumnoblot analysis using 
Anti-FLAG M2 monoclonal antibody conjugated to alkaline phosphatase. As shown in 
Figure 3, distinct bands corresponding to the predicted size of various baits were present in 
five clones for the CC bait, two clones for the NBS bait, and six clones for the bait of CC 
combined NBS.  In contrast, no signals were observed where i) baits were expressed alone, ii) 
the expressed baits and the TNT translational reaction mix were used, and iii) eight of the 21 
putative Rps1-k-2-interactors were mixed with their respective bait proteins. Therefore, 13 
out of 21 interactors showed in vitro interactions with their corresponding baits. The 13 
putative Rps1-k-2-interactors were termed as RIP1 (Rps1-k-2-interacting protein 1) through 
RIP13. They were annotated with the BLASTX algorithm (Table 2).  
Silencing of candidate Rps1-k-2-interactors through RNA interference 
To investigate the possible role of the Rps1-k-2-interactors in Rps1-k-2-mediated 
Phytophthora resistance, RNA interference (RNAi) was conducted. Recently, isoflavone 
synthase (IFS), a key enzyme for the formation of the isoflavones in soybean, has been 
successfully down regulated through RNAi in Agrobacterium rhizogenes transformed 
adventitious roots (Subramanian et al., 2005). We adapted and modified the RNAi procedure 
of Subramanian et al. (2005) for studying the function of the putative Rps1-k-2-interactors. A 
sequence segment of each putative Rps1-k-2-interactor gene was cloned in the pHANNIBAL 
vector in both sense and antisense orientations that are separated by the PDK intron (Wesley 
et al., 2001). Resulting vectors were sequenced to ensure that target sequences were indeed 
cloned as inverted repeat. The NotI fragments from the vector pHANNIBAL containing 
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individual gene constructs for RNAi were then moved into the binary vector 
pART27:35SGFP. Cotyledons of the resistant soybean cultivar Williams 82 were 
transformed with A. rhizogenes strain K599 carrying individual RNAi construct. Cotyledons 
of Willimas 82 and of the susceptible cultivar Williams, were also transformed with A. 
rhizogenes strain K599 carrying the empty vector used for developing RNAi constructs. 
Not every hairy root developed following A. rhizogenes infection is transformed, 
therefore, to monitor successful transformation of hairy roots with the RNAi constructs or the 
empty vector, a 35S:GFP fusion reporter gene was cloned into the SacI site of the binary 
vector pART27 (Wesley et al., 2001). Expression of GFP was detected in the pART27:GFP 
transformed roots. There was however no GFP expression from the reporter gene in the 
transformed hairy roots when RNAi constructs of individual genes were incorporated into 
pART27:GFP.. Presumably silencing of GFP was mediated by the 5’-end untranslated 
sequence specific to the 35S promoter fused to both RNAi-constructs and GFP. Without 
knowing which root was transformed with the RNAi constructs, it was impossible to evaluate 
the effect of gene silencing on the expression of Phytophthora resistance in the hairy roots. It 
has been reported that RNAi-induced gene silencing can be systemic (Voinnet, 2005). 
Systemic gene silencing mediated through RNAi has been reported in soybean (Subramanian 
et al., 2005). Therefore, four weeks after transformation with A. rhizogenes K599 carrying 
the empty vector or individual RNAi constructs, the cotyledons were inoculated with the P. 
sojae avirulent isolate 997A-2-3 at the A. rhizogenes K599 inoculation sites.  
As shown in Figure 4A, most of the Williams 82 cotyledons transformed with the 
empty vector remained resistant when P. sojae isolate 997A-2-3 was used to inoculate. Only 
about 17% of the cotyledons showed susceptibility (Fig. 4B). As expected, cotyledons of the 
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susceptible cultivar, Williams, transformed with the empty vector displayed 100% 
susceptibility. The RIP11-RNAi construct for silencing the interactor RIP11, did not alter the 
resistant response of Williams 82. RNAi constructs developed for a few Rps1-k-2-interactor 
genes resulted in loss of Rps1-k-2-mediated resistance in majority of the Williams 82 
cotyledons (Figure 4B).  These results suggest that the 26S proteasome AAA-ATPase 
subunit RPT5a encoded by RIP1, the putative receptor protein kinase encoded by RIP4 and 
RIP10, the unknown expressed protein encoded by RIP6, and a type II metacaspase encoded 
by RIP13 play essential roles in Rps1-k-2-mediated resistance. 
RIP13 encodes a type II metacaspase 
Metacaspases are a family of distant relatives of caspases. They have been identified 
in plants, fungi and protozoa (Uren et al., 2000). Caspases are the executors of apoptosis in 
animals (Cohen, 1997). The possible role of metacaspase involved in plant-pathogen 
interaction has been implied from several studies. In Arabidopsis, all type I metacaspases and 
two type II metacaspases (AtMCP2b/Atmc5 and AtMCP2d/Atmc4) are rapidly induced upon 
infection with bacterial pathogens (Watanabe and Lam, 2005). The tomato type II 
metacapase LeMCA1 was found induced upon infection with Botrytis cinerea (Hoeberichts et 
al., 2003). A type II metacaspase from Arabidopsis was reported to regulate apoptosis in 
yeast (Madeo et al., 2002). A type II metacaspase, mcII-pa, from Norway spruce was 
recently found to execute PCD during plant embryogenesis (Bozhkov et al., 2005). All these 
findings imply that metacaspases may play a role in initiating cell death following pathogen 
infection. Hence, we further characterized RIP13, the Rps1-k-2-interactor that encodes a type 
II metacaspase. 
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To obtain the full-length cDNA sequence of RIP13, a gene-specific primer was 
designed to conduct 5’-rapid amplification of cDNA ends (RACE). Several independent 
clones were sequenced. A clone carrying the longest sequence and sharing complete 
sequence identity with the original clone was selected for further study. RIP13 has a coding 
region of 1275 bp and encodes a protein of 424 amino acids. Based on its sequence 
alignment with nine metacaspases from Arabidopsis and the recently characterized mcII-Pa 
from Norway spruce we conlude that RIP13 encodes a type II metacaspase (Bozhkov et al., 
2005; Vercammen et al., 2004). As in mcII-Pa, the Arg residue at position 187 (R187) 
separates a p20 caspase-like subunit and a type II metacaspase-specific linker in RIP13. After 
the linker sequence a Lys residue (K271) separates the linker from the C-terminal p10 
caspase-like subunit (Figure 5). The sequence context of the catalytic histidine and cystein 
residues are conserved (Vercammen et al., 2004).  
Reduced RIP13 transcript levels following RNAi in soybean cotyledons. 
To determine the extent to which RNAi reduced the steady state transcript levels of 
RIP13 in causing susceptibility, an RT-PCR approach was applied to the randomly selected 
cotyledons that were silenced for RIP13. As shown in Figure 4, RNAi-mediated silencing of  
RIP13 resulted in loss of Rps1-k-2-mediated Phytophthora resistance in 65% of the Williams 
82 cotyledons. In over 50% of the cotyledons transformed with the RNAi construct for 
RIP13, the steady state levels of RIP13 transcripts were reduced (Figure 6). 
RIP13 is upregulated during incompatible soybean-Phytophthora interaction 
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Induction of metacaspases transcripts has been observed in several studies (Sanmartin 
et al., 2005). To determine if RIP13 is induced following P. sojae infection, RT-PCR 
approach was applied to measure the steady state mRNA levels following infection of 
Williams 82 with an avirulent P. sojae race. RIP13 could be detected in uninfected tissues. 
One hour after P. sojae inoculation, the steady state RIP13 transcript level started to increase; 
at 2 h it reached the maximum. Thereafter, the RIP13 transcript level started to decrease 
(Figure 7). This observation indicates that the expression of RIP13 is induced upon infection 
with the P. sojae avirulent isolate, 997A-2-3. 
 
Discussion 
Intra-molecular interaction has been reported from studies of two CC-NB-LRR-type 
R proteins, Mi-2 and Rx. The intra-molecular interactions of Rx are lost during infection or 
elicitation, presumably to make the domains open for interaction with signaling factors 
(Hwang and Williamson, 2003; Moffett et al., 2002). These observations are supported by 
the recent finding that the TIR-NB-ARC region of the Arabidopsis TIR-NB-LRR R protein 
RPP1A alone induces constitutive immunity (Michael et al., 2006). In a yeast two-hybrid 
system, the intra-molecular interactions are most likely persistent due to the absence of the 
cognate ligands, and domains and/or motifs of R proteins necessary for interaction with 
signaling factors are unavailable. Therefore, individual domains and various domain 
combinations were generated from Rps1-k-2 and used as baits in a LexA-based yeast two-
hybrid system for isolating Rps1-k-2-interactors.  
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Thirteen candidate Rps1-k-2-interacting proteins (RIPs) showing in vitro interaction 
with their respective baits were identified (Table 2). Based on sequence information of these 
proteins a few selected Rps1-k-2-interactors were further investigated for their possible 
functions. It is very unlikely that all 13 proteins interact in vivo with Rps1-k-2 and participate 
in signaling for disease resistance responses. Some of these factors such as 2’-
hydroxydihydrodaidzein reductase and starch branching enzyme are unusual. They most 
likely came through as artifacts. Alternatively, these are true Rps1-k-2-interactors. 2’-
hydroxydihydrodaidzein reductase is involved in phytoalexin synthesis in elicitor-challenged 
soybean (Fischer et al., 1990). It may be possible that 2’-hydroxydihydrodaidzein reductase 
negatively regulatse Rps1-k-2 and suppresses its function once the enzyme is accumulated 
sufficiently for phytoalexin production. Similarly, down-regulation of starch metabolism by 
Rps1-k-2 could also be possible in order to utilize the available resources for producing 
defense compounds including phytoalexins. It has been previously reported that in infected 
soybean cell suspensions the levels of inositol tris-phosphate (IP3), a second messenger for 
growth and DNA replication, are reduced presumably to facilitate phytoalexin biosynthesis 
(Shigaki and Bhattacharyya, 2000, 2002).  
Both our FRET (see the Appendix) and RNAi data suggested that the identified Rps1-
2-interactors, RIP1 encoding an AAA ATPase/26S proteasome subunit, RIP13 encoding a 
Type II metacaspase, RIP6 encoding an expressed protein, and RIP4 and RIP10 encoding 
putative kinase receptors are the most promising Rps1-k-2-interactors. The 26S proteosome is 
composed of a 19S regulatory particle and a 20S catalytic complex, with each complex 
composed of several subunits. The regulatory complex controls the access of substrates to the 
catalytic complex containing the protease activities (Sullivan et al., 2003; Vierstra, 2003). 
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Recent data have suggested that the ubiquitin/26S proteasome pathway play a major role in 
regulating protein stability including plant disease resistance proteins (Vierstra, 2003). COP9 
signalosome, another multiple protein complex, can associate with the 26S proteasome as 
well as several E3-ligase complexes. Liu et al. (2002b) found that silencing of the COP9 
signalosome can compromise N-mediated resistance to TMV in Nicotiana benthanianum. It 
was recently reported that the AvrPtoB type III effector utilizes host E3 ubiquitin ligase 
activity to suppress plant cell death and immunity in tomato (Abramovitch et al., 2006).  
RIP6 encodes a novel protein. It is unusual in that it has a stretch of nine asparagines 
(N). Two types of full length ESTs were found when using RIP6 as query sequence against 
the soybean EST database. Most of the ESTs encoding identical or near identical protein as 
RIP6 are from salicylic acid induced or pathogen-challenged tissues. As shown in Figure 8, 
these homologs have various numbers of trinucleotide repeat sequence (encode asparagines). 
Protein segments containing high number of glutamines (Q) and/or asparagines (N) are called 
prion domains (Sherman, 2004). PolyQ or polyN sequences are often found in transcription 
factors and protein kinases. Little is known about the function of these Q/N-rich domains 
(Sherman, 2004). This expressed protein RIP6 appears to play an important role in Rps1-k 
encoded resistance based on our preliminary RNAi data. It will be interesting to investigate if 
the gene represents a polymorphic microsatellite sequence among soybean lines in addition to 
learning the mechanism by which it participate in the expression of Phytophthora resistance. 
Four clones obtained in the initial yeast two-hybrid screens encode putative receptor 
protein kinase. Three identical clones including RIP4 were isolated by using the Rps1-k-2 
CC-NB bait, and the fourth one RIP10 by using the Rps1-k-2 CC bait. The deduced proteins 
of RIP4 and RIP10 share high sequence identity. They all carry the C-terminal region of the 
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tyrosine kinase domain. Silencing of RIP4 and RIP10 resulted in loss of Phytophthora 
resistance (Figure 4). The importance of kinase in plant immunity and disease resistance has 
been demonstrated. Some disease resistance genes such as Pto, Xa21 and Rpg1 encode 
kinases. Many mitogen-activated protein kinases (MAPK) have shown essential roles in plant 
disease resistance. A complete MAP kinase cascade activated in response to elicitor, flagellin, 
has been characterized (Asai et al., 2002). A Ser/Thr protein kinase ACIK1 is found essential 
for complete Cf-9 dependent disease resistance in tomato (Rowland et al., 2005). It is possible 
that Rps1-k-2 interacts with RIP4 following infection and activates the kinase for regulating 
downstream signaling proteins. 
Metacaspases in plants are classified as type I and type II. Several studies have 
implicated a possible role of metacaspases in the activation of cell death. Here we 
demonstrated the interaction between RIP13, a type II metacaspase, with the N-terminal 144 
amino acids carrying the coiled-coil (CC) domain of Rps1-k-2. Silencing of RIP13 resulted in 
loss of Rps1-k-2-mediated Phytophthora resistance. It is not known whether type II 
metacaspases interact with other plant R gene products. The majority of R gene products share 
not only a NB-ARC domain but also a structural similarity to Apaf-1/CED-4 that are involved 
in apoptosis (Van der Biezen and Jones, 1998). A clear model for the function of Apaf-
1/CED-4 has been established. Upon an apoptotic stimulus, cytocrome c is released from 
mitochondria into cytosol and binds to Apaf-1. In the presence of dATP, Apaf-1 oligomerized 
via a mutual interaction of the NB-ARC regions. Oligomerized Apaf-1 then recruits and 
activates procaspase 9, which in turn recruits and activates caspases 3, 6, 7 and engages a 
cascade of proteolytic events (Campioni et al., 2005)). Are the R gene products and Apaf-
1/CED-4 functionally analogous? Apaf-1 interacts directly with procaspase 9 via their CARD 
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domains. Caspase 3, which lacks a prodomain, does not interact directly with Apaf-1 (Li et al., 
1997). In our study, we have shown the interaction between the N-terminal region of Rps1-k-
2 with the C-terminus of the type II metacasapse that does not possess any prodomain. The 
interacting C-terminal region of the protein contains 290 amino acids including 53 residues 
from the p-20 like domain, the linker sequence and the p-10 like domain (Figure 5). The 
interaction between RIP13 and the CC domain of Rps1-k-2 is different from the one observed 
between Apaf-1 and procaspase 9 that interact through their CARD domains. Plant R gene 
products may act as ‘adaptor protein’ like Apaf-1 to recruit components like metacaspases in 
plant hypersensitive response (HR) related cell death machinery (Van der Biezen and Jones, 
1998). 
In summary, use various domains of soybean disease resistance protein Rps1-k-2 in a 
yeast two-hybrid system allowed cloning four signaling genes for Phytophthora resistance in 
soybean. RNAi-induced silencing of the genes encoding these factors suggested that these are 
essential for Phytophthora resistance. This suggest that Rps1-k-2-mediated Phytophthora 
resistance in soybean is mediated through interaction of the disease resistance protein with 
multiple factors, and is not unusal considereing the complexity of disease resistance signaling 
pathway observed in other plant-pathogen interaction. 
 
Materials and Methods 
 
Yeast 2-hybrid system 
LexA-based yeast two-hybrid system was performed in this study. All bait constructs 
including the full-length Rps1-k-2, CC domain, NBS domain, LRR domain, CC and NB 
domains, NB and LRR domains were PCR amplified and cloned into the BamHI-XhoI sites 
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of the bait vecotr pLexA (Clontech Laboratories, Inc., Mountain View, CA)(All the primers 
used are presented in Table 3). A yeast two-hybrid cDNA library was constructed with the 
pBluescript II XR cDNA library construction kit (Stratagene, La Jolla, CA). Briefly, total 
RNA was prepared from infected etiolated Williams 82 hypocotyl tissues harvested 2 and 4 
hours following P. sojae inoculation. poly(A+) RNA was extracted using the poly(A)tract 
mRNA isolation system III (Promega, Madison WI). The ready EcoRI/XhoI cut cNDAs were 
cloned into the EcoRI/XhoI sites of the vector pB42AD. 
Yeast two-hybrid screen was performed in the yeast strain EGY48 (Clontech, 
Mountain View, CA) with two reporter genes LEU2 and LacZ (Clontech, Mountain View, 
CA). Individual bait was first transformed into EGY48/pSH18-34. Auto-activation assay, 
repression assay and Leu requirement test were followed to test the suitability of the bait for 
yeast two-hybrid screen.  The prey cDNA library was then screened with individual baits. 
Double transformants were selected for further characterization based on growth on synthetic 
medium (SD) lacking leucine, tryptophan, histidine and urine, and development of a 
substantial blue color change as an indication of the expression of the LacZ reporter gene 
when grown on 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-gal) plates lacking 
tryptophan, histidine and urine. AD prey plasmids in yeast EGY48/pSH18-34 were recovered 
by random loss of DNA-BD bait plasmids. Individual DNA-BD bait plamid was then 
retransformed into yeast EGY48/pSH18-34 with the corresponding AD prey plasmids 
retained. False positives were subsequently eliminated based on the interactions of individual 
prey with two negative control baits including the empty bait vector pLexA and a nonspecific 
bait pLexA-Lam (human lamin C (66–230) in pLexA) (Clontech, Mountain View, CA). 
Positive clones were sequenced with pB42AD specific primer (5’-
 152
CCAGCCTCTTGCTGAGTGGAGATG-3’). Each sequence was queried with the 
GenBank/EMBL/DDBJ databases using the BLASTX algorithm 
(http://www.ncbi.nlm.nih.gov/BLAST/). 
In vitro pull-down assay 
DNA templates for in vitro protein synthesis were generated by PCR (primers used 
are presented in Table 4). To enable efficient translation, a T7 promoter and the kozak 
consensus sequences were added to the 5’-end and a poly(A)30 tail to the 3’-end of each 
target template. Both HA-tagged preys and FLAG-tagged baits were expressed using TNT® 
T7 quick for PCR system (Promega, Madison, WI). The TNT® reaction was performed as 
recommended by the manufacturer (Promega, Madison, WI). Twenty microliters of the 
TNT® reaction containing individual HA-tagged prey protein and six microliters anti-HA 
agrose slurry (Pierce Technology Corporation, Holmdel, NJ) were added to a HandeeTM 
Mini-Spin Column (Pierce Technology Corporation, Holmdel, NJ) and incubated with gentle 
end-over-end mixing for two hours at 4 °C. The column was washed three times with 500 µl 
of TBS-T (25 mM mM Tris•HCl [pH 7.2] and 0.15 M NaCl with 0.05% Tween®-20) and the 
anti-HA agarose was resuspended with 185 µl TBS. Fifteen microliters of the TNT® reaction 
containing the expressed bait proteins were added to the prepared anti-HA agarose carrying 
the respective immobilized prey proteins and incubated for two hours at room temperature. 
The column was washed four times in the same washing buffer used in the immobilization. 
25 µl non-reducing sample buffer (Pierce Technology Corporation, Holmdel, NJ) was added 
to the column and the column was heated at 95°C for 5 minutes. The eluted samples were 
loaded onto a 12% Tris-glycine gel. The gel was transferred to a PVDF membrane. The 
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membrane was then blocked with TBS-T/1% BSA for one hour at room temperature 
followed by two washing with TBS-T. Anti-FLAG M2 monoclonal antibody conjugated with 
alkaline phosphatase diluted to 1:1000 (Sigma, St. Louis, MO) in TBS-T was added to the 
membrane and incubated for 1 hour at room temperature. The membrane was washed six 
times in TBS-T. Bands were visualized using Western Blue® stabilized substrate for alkaline 
phosphatase (Promega, Madison, WI). 
Generation of RNAi vectors 
All the RNAi constructs used to silence the putative Rps1-k-2-interactors were 
generated in a similar way. A fragment for each putative Rps1-k-2-interactors was amplified 
by PCR from the corresponding cDNA clones. Two primers were designed for each cDNA 
clone and each primer was tailed by two sets of proper restriction enzyme sites at the 5’ end 
(Table 5). The PCR products were cloned in the pHANNIBAL vector as inverted repeat that 
are separated by a PDK (pyruvate orthophosphate dikinase) intron sequence (Wesley et al., 
2001). The NotI fragments from pHANNIBAL containing ihp-cDNAs were then subcloned 
into the binary vector pART27:GFP. The pART27:GFP vector was obtained by cloning the 
35S:GFP from p35S-GFP (Clontech, Mountain View, CA) into the Sac I site of 
pART27(Wesley et al., 2001). Each RNAi construct was sequenced to confirm the correct 
orientation as inverted repeat.  
Plant materials 
Soybean seedlings of Williams and Williams 82 were grown in coarse vermiculite in 
a Conviron Growth Chamber (22°C, 12 hour photoperiod) in the Agronomy Hall at Iowa 
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State University. Seedlings were watered once on day 3. On day 7 cotyledons were harvested 
for A. rhizogenes-mediated transformation. 
Agrobacterium rhizogenes manipulation  
The A. rhizogenes strain K599 was kindly provided by Dr. Thomas Baum, Iowa State 
University. Empty vector pART27GFP and the vector pART27GFP harboring individual 
RNAi constructs were transformed into the A. rhizogenes strain K599 by the freeze-thaw 
transformation method (An et al., 1988). Each RANi construct and the empty vector in A. 
rhizogenes were grown in 10 ml LB at 28 °C with shaking at 250 rpm for two days. Before 
inoculation of the wounded cotyledons, the cultures were pelleted and the cells were 
resuspended in 10 mM MgSO4 (OD600 =~ 0.3) (Subramanian, 2005). 
A. rhizogenes-mediated transformation of soybean cotyledons  
A protocol of soybean cotyledon transformation with A. rhizogenes described by 
Subramanian et al. (2005) was performed with modifications. Individual cotyledon was first 
surface sterilized with North O/H Pak alcohol wipes (North Safety Products, Cranston, RI). 
The centers of the surface-sterilized cotyledons were wounded with a 200 μl pipette tip. The 
wounded cotyledons were then placed on petri plates containing sterile Whatman filter 
papers (9 cm in diameter) moistened with 3.0 ml sterile ddH2O. Twenty microliter A. 
rhizogenes suspension in 10 mM MgSO4 was added into the circular holes made in 
individual cotyledons. Plates were then wrapped with Parafilm and cultured at 22 °C with a 
12-h light cycle of ~150 µEs light intensity.  
Infection of A. rhizogenes transformed cotyledons with P. sojae 
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P. sojae isolate 997A-2-3 was grown on lima bean agar plate in the dark at 22oC. 
Seven-day old P. sojae was used for infection. Four weeks after transformation of cotyledons 
with A. rhizogenes K599 carrying either the empty vector or individual RNAi constructs, a 
small piece (~ 2mm × 2mm) of lima bean agar containing P. sojae mycellia was placed on 
the site of transformation. Seventy-two hours after P. sojae infection, the number of 
susceptible and resistance cotyledons were recorded and pictures were taken. 
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Figure 1. Rps1-k-2 sequences used to develop bait plasmids in the pLexA vector. The 
structure of Rps1-k-2 is shown at the top. Domain and domain combinations used to develop 
baits (DBD-fusion plasmids) are shown with lines below the gene. The numbers above each 
line indicate the amino acid positions in Rps1-k-2. CC, Rps1-k-2-CC bait that contains the 
CC domain; NB, Rps1-k-2-NB bait that contains the nuclear-binding domain; LRR, Rps1-k-
2-LRR bait that contains the LRR domain; CC-NB, Rps1-k-2-CC-NB bait that contains the 
CC and NB domains; NB-LRR, Rps1-k-2-NB-LRR bait that contains the NB and LRR 
domains; ORF, the full length Rps1-k-2 as bait. 
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Table 1. Identification of putative Rps1-k-2-interactors from yeast two-hybrid 
screens of a soybean prey cDNA library 
Putative interactors 
1st Screen2 
DBD-fusion bait 
plasmid 
Transformants 
screened (cfu)1 
Clones Classes 
2nd Screen3 
pLexA_CC4 7 × 106 44 17 12 
pLexA_NB 4 × 106 71 16 2 
pLexA_LRR 3 × 105 0 0 0 
pLexA_CC-NB 6 × 106 16 6 6 
pLexA_NB-LRR 3 × 105 5 5 0 
pLexA_ORF 2 × 106 4 1 1 
Total 19.6 × 106 140 45 21 
1 Transformants containing both bait and prey plasmids.  
2 Clones identified following initial screen after transformation of the yeast strain 
containing bait plasmids with the prey cDNA library.  
3 Rescreening in yeast as shown in Figure 2. 
4 The DBD-fusion bait plasmids were named as follows: each one starts with the 
bait vector pLexA followed by the name of different domains or domain 
combinations of Rps1-k-2. 
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Figure 2. In vivo interaction study between Rps1-k-2 and putative Rps1-k-2 interacting 
proteins. The indicated AD prey plasmids in yeast EGY48/pSH18-34 were recovered by 
random loss of DNA-BD bait plasmids. Colonies that grew on SD medium containing His 
but not on medium lacking His should have lost their DNA-BD plamids, which were further 
confirmed by PCR with both pLexA primers (for DNA-BD plasmids) and pB42AD primers 
(for AD/library plasmids). The recovered AD prey plasmids in yeast EGY48/pSH18-34 were 
then re-transformed with the corresponding DNA-BD bait plamids.  
A. Transformants grew on Gal/Raf/Xgal/CM-His-Trp-Ura plate.  B. Transformants grew on 
Gal/Raf/CM-His-Trp-Ura-Leu plate. I. Candidate AD/library plasmids transformed with the 
corresponding DNA-BD bait plamids; II. Candidate AD/library plasmids transformed with 
the empty bait vector pLexA; III. Candidate AD/library plasmids transformed with a 
nonspecific bait pLexA-Lam.  A specific interaction was indicated by blue color of 
expression of the LacZ reporter gene, and by growth on minimum medium lacking Leucine 
from expression of the Leu2 reporter gene. NBS1 was isolated using the Rps1-k-NB bait; 
CN5, CN13 and CN15 were isolated using the Rps1-k-NB bait; CC39, CC40 were isolated 
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using the Rps1-k-CC bait. pLexA-53, murine p53 (72–390 aa) in the pLexA vector; 
pB42AD-T, SV40 large T-antigen (87–708 aa) in the pB42AD vector; pLexA-Lam, DNA-
BD-fused to human lamin C. pLexA-53 and pB42AD-T were used as positive control which 
interact strongly. 
 168
IB: Anti-FLAG
IP: Anti-HA
BA C
75 kD
50 kD
25 kD
20 kD
CN
1
CN
5
CN
13
CN
15
CN
7
CN
11
CC
39
CC
40
Ma
rke
r
CC
16
OR
F2
 
Ma
rke
r
Ma
rke
r
CC
48
NB
S1
NB
S5
1
CC
50
CC
291 2
 
Figure 3. In vitro interaction between Rps1-k-2 and Rps1-k-2-interactors. Putative 
positive Rps1-k-2 interactors were HA-tagged at their N-termini. All the baits were tagged at 
the N-termini with the FLAG epitope. Methodology for pull down assay was described in 
Materials and Methods. 
A, In vitro interaction between the CC domain and the putative Rps1-k-2-interactors.  
 
B, In vitro interaction between the NB domain and the putative Rps1-k-2-interactors.  
 
C, In vitro interaction between the CC-NB domain and the putative Rps1-k-2-interactors.  
 
In the first lane, the TNT translational reaction mix and the CC domain of Rps1-k-2 as 
negative control.  
In the last lane, the TNT translational reaction mix and the CC-NB domain of Rps1-k-2 as 
negative control.  
Predicted sizes of the baits are: CC domain, ~17 kDa; NB, ~42 kDa and CC-NB, ~58 kDa.
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Table 2. Candidate Rps1-k-2-interactors showing in vitro interaction with 
Rps1-k-2 
Gene ID Corresponding 
Clone1 
Putative Annotation E values 
RIP1 NBS1 26S proteasome AAA-Atpase subunit 
RPT5a 
3e-60 
RIP2 NBS51 2’-hydroxydihydrodaidzein reductase 2e-57 
RIP3 CN1 Putative ripening-related protein 6e-04 
RIP4 CN5 Putative receptor protein kinase 5e-29 
RIP5 CN7 Phagocytosis and cell mobility protein 
ELMO-1 related 
2e-82 
RIP6 CN11 Expressed protein 3e-13 
RIP7 CN13 Putative forming-like protein AHF1 3e-54 
RIP8 CN15 Starch branching enzyme 1e-78 
RIP9 CC29 Lipase-like protein 1e-50 
RIP10 CC39 Putative receptor protein kinase 1e-37 
RIP11 CC40 Putative chaperonin gamma chain 5e-39 
RIP12 CC48 Expressed protein surface antigen ariel1-
related 
1e-48 
RIP13 CC50 Type II metacaspase 3e-61 
1 Each clone starts with the name of the bait from which screen they obtained. 
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Figure 4. RNA interference (RNAi) of candidate Rps1-k-2-interactors. All the RNAi 
constructs of independent Rps1-k-2-interactor were transformed into Williams 82 cotyledons. 
A, RNAi of putative Rps1-k-2-interactors resulted in the loss of Rps1-k encoded 
Phytophthora resistance. Here we showed only a representative one.  pART27GFP/W82, 
cotyledons of Williams 82 transformed with empty vector; pART27GFP/W, cotyledons of 
Williams transformed with empty vector;  pART27GFP_RIP11/W82, cotyledons of Williams 
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82 transformed with RIP11 RNAi construct;  pART27GFP_RIP13/W82, cotyledons of 
Williams 82 transformed with RIP13 RNAi construct. B, Summary of RNAi effects on Rps1-
k-2-mediated resistance of candidate Rps1-k-2-interactors. The data presented are a summary 
of results from 3 to 6 independent experiments. On the average 10-15 cotyledons/construct 
were evaluated in each experiment. 
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p20 caspase-like p10 caspase-likeLinker
C139 R187 K271
MAKKAVLIGINYPGTKAELKGCINDVWRMHRCLIDRYGFSEDDITVLIDTDE
SYTEPTGKNIRSALTRLIRSARPGDVLFVHYSGHGTRLPAETGEDDDTGFDE
CIVPSDMNLITDDDFREFVDGVPRECKLTIVSDSCHSGGLIDGAKEQIGTST
KGEGQQHSGSGSGFGLSSFLRRSVEDAIESRGVHIPSALRHHRHKHEHEADD
DRDIELPHVDHGYVKNRSLPLSTIIDILKQKTGKNDIDVGKLRLSLYDIFGE
DASPKVKKFMKVILNKLQQGDGGSGKQGGILGLVGSLAQEFLKQKIDSSDDG
GYAKPAMETKVESKYEAYAGTSSAKPRLSDGGILMSGCQTDQTSADASPAGN
SASAYGAFSNAIQAVIEESDGAVTNQEIVLKAREKLKRGGFKQRPGLYCSDD
HVDGPFVC
A
B
 
Figure 5. RIP13 is a type II metacaspase. A. Predicted protein sequence of RIP13. The 
underlined part is the sequence used in the yeast two-hybrid screen. B. RIP13 consists of a 
p20 caspase-like subunit, a linker region and a p10 caspase-like subunit. The predicted 
catalytic cystein (C139) and the autocleavage sites Argine (R187) and lysine (K271) are 
indicated. 
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Figure 6. Reduced steady state RIP13 transcript levels following RNAi in soybean 
cotyledons. RNA was isolated from cotyledons carrying the RIP13 silencing construct or 
only the empty vector. The samples in the right and left panels were from two independent 
experiments. Soybean actin1 gene was amplified as an internal control to standardize the 
total RNA level of each sample used for RT-PCR. 
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Figure 7. Induction of RIP13 mRNA following P. sojae infection. RNA was isolated from 
avirulent P. sojae race 18 infected etiolated Williams 82 hypocotyls. Samples were taken at 
indicated hours post inoculation (hpi). Soybean actin1 gene was amplified as an internal 
control to standardize the total RNA level of each sample used for RT-PCR. -, without 
reverse transcriptase; +, with reverse transcriptase. 
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gi|51336192|gb|CO980058.1     MEQEDNTIIPTFLRKPAEDQNNNN------SPTPSHKSLHVFRRSRRRWR 
gi|31306966|gb|CD392169.1     MEQEDNTIIPTFLRKPAADQNNNNNNNN-SPTTPSHKSLHVFRRSRRRWR 
RIP6                          MEQEDNTIIPTFLRKPAADQNNNNNNNNNSPTTPSHKSLHVFRRSRRRWR 
                              ***************** ******      ..****************** 
 
gi|51336192|gb|CO980058.1     KEVAVKDAVQEEEDEEKEEGEDGGDDREEIERKIHALQRIVPGGESLGVD 
gi|31306966|gb|CD392169.1     KEVAVKEDEDVDE----------GDDREEIERKIHALQRIVPGGESLGVD 
RIP6                          KEVAVKEDEDVDE----------GDDREEIERKIPALQRIVPGGESLGVD 
                              ******:  : :*          *********** *************** 
 
gi|51336192|gb|CO980058.1     KLFDETAGYILALQYQVKALRALTGFFEKLEKEKTKFGG- 
gi|31306966|gb|CD392169.1     KLFDETAGYILALQYQVKALRALTGFFDKLEKEKTKFGGR 
RIP6                          KLFDETAGYILALQYQVKALRALTGFFDKLEKEKTKFGG- 
                              ***************************:*********** 
 
Figure 8. Alignment of deduced protein sequences of RIP6 and two soybean homologs. 
The two soybean homologs of RIP6 were identified by querying the soybean EST database 
with the RIP6 sequence. The alignment was obtained using ClustalW 
(http://align.genome.jp/).  
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Table 3.  The nucleotide sequences of primers used for developing baits for yeast 
two-hybrid screens 
Sequences to be 
amplified 
Primer Name Sequences 
Rps1k2ORFF CGCGGATCCGTATGGCAGCAGCACTGGTCGGT ORF 
Rps1k2ORFR GCCGCTCGAGCTAAATCCATCTATTGCCAAC 
Rps1k2ORFF CGCGGATCCGTATGGCAGCAGCACTGGTCGGT CC 
Rps1k23CCR GCCGCTCGAGCCATGACAAGTTCTCCACTGC 
Rps1k23NBSF CGCGGATCCGTAAAGCTCCATCAACATCTCTG NB 
Rps1k2NBSR GCCGCTCGAGTGATGTGGCTAGATCATGC 
Rps1k23LRRF CGCGGATCCGTTCGAAGCTTATGTACTTGAG LRR 
Rps1k2ORFR GCCGCTCGAGCTAAATCCATCTATTGCCAAC 
Rps1k2ORFF CGCGGATCCGTATGGCAGCAGCACTGGTCGGT CC-NB 
Rps1k2NBSR GCCGCTCGAGTGATGTGGCTAGATCATGC 
NB-LRR Rps1k23NBSF CGCGGATCCGTAAAGCTCCATCAACATCTCTG 
 Rps1k2ORFR GCCGCTCGAGCTAAATCCATCTATTGCCAAC 
BamHI and XhoI recognition sites are in italics and underlined. 
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Table 4.  The nucleotide sequences of primers used in pull down assay 
Target 
Sequence  
Primer Name Sequences 
T7Kozak CGAATTCTAATACGACTCACTATAGGGAACAGCCACCATGG 
KozakB42ADHA GGAACAGCCACCATGGCCTCCTACCCTTATGATG 
Individual 
cDNA 
B42ADdT(30) TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGCAAGGTAGAC
AAGC 
T7Kozak CGAATTCTAATACGACTCACTATAGGGAACAGCCACCATGG 
KozakFlag CTTGTCATCGTCGTCCTTGTAGTCCATGGTGGCTGTTCC 
Rps1-kCCFlagF GGACGACGATGACAAGGCAGCAGCACTGGTCGGTG 
Rps1-kCCdTR GCCTGCAGTGAGATCCGCTACCATGACAAGTTCTCCAC 
Flag-tagged 
CC 
SpOligodT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCTGCAGTGAG
ATCCG 
T7Kozak CGAATTCTAATACGACTCACTATAGGGAACAGCCACCATGG 
KozakFlag CTTGTCATCGTCGTCCTTGTAGTCCATGGTGGCTGTTCC 
Rps1-kNBSFlagF GGACGACGATGACAAGAAAGCTCCATCAACATCTC 
Rps1-kNBSdTR GCCTGCAGTGAGATCCGCTATGATGTGGCTAGATCATG 
Flag-tagged 
NB 
SpOligodT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCTGCAGTGAG
ATCCG 
T7Kozak CGAATTCTAATACGACTCACTATAGGGAACAGCCACCATGG 
KozakFlag CTTGTCATCGTCGTCCTTGTAGTCCATGGTGGCTGTTCC 
Rps1-kCCFlagF GGACGACGATGACAAGGCAGCAGCACTGGTCGGTG 
Rps1-kNBSdTR GCCTGCAGTGAGATCCGCTATGATGTGGCTAGATCATG 
Flag-tagged 
CC-NB 
SpOligodT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCTGCAGTGAG
ATCCG 
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Table 5.  The nucleotide sequences of primers used in RNAi experiment 
Target sequence Primer Name Oligo Sequence 
RNAiNBS1F  
 
5’-GCTCTAGACTCGAGAGGTGATAGCAGCAACAAAC-3' 
      XbaI  XhoI 
 
RIP1 
RNAiNBS1R 5’-CCATCGATGGTACCACGATGATTCCAGTATGCTG-3’  
      ClaI  KpnI 
RNAiNBS51F 5’-GCTCTAGAgaattcCCAAGCTTCCTGATTCTGTTG-3' 
      XbaI  EcoRI 
 
RIP2 
RNAiNBS51R 5’-CCATCGATGGTACCCATGTCATGAGGCATCTTTGC-3’  
      ClaI  KpnI 
RNAiCN1F 5’-GCTCTAGACTCGAGCAACTGCAGAAGAATTCCTGC-3' 
      XbaI  XhoI 
 
RIP3 
RNAiCN1R 5’-CCATCGATGGTACCCCATATGCTACATGTGATTCAC-3’  
      ClaI  KpnI 
RNAiCN5F 5’-GCTCTAGACTCGAGCTATGACCTTCAATCGATGTG-3' 
      XbaI  XhoI 
 
RIP4 
RNAiCN5R 5’-CCCAAGCTTGGTACCATCAGTGCTTGCAAAGGCAG-3’  
      HindIII KpnI 
RNAiCN7F 5’-GCTCTAGACTCGAGGAGCTTCCTTCACTTAAATC-3' 
      XbaI  XhoI 
 
RIP5 
RNAiCN7R 5’-CCATCGATGGTACCCTCAACATGTTGTAAGCAGG-3’  
      ClaI  KpnI 
RNAiCN11F 5’-GCTCTAGACTCGAGATCATACCCACATTCCTCAG-3' 
      XbaI  XhoI 
 
RIP6 
RNAiCN11R 5’-CCATCGATGGTACCCATCAACCTCCAAACTTTGTC-3’  
      ClaI  KpnI 
RNAiCN13F 5’-GCTCTAGACTCGAGCAGCTATGGATTCTGAAGTTC-3' 
      XbaI  XhoI 
 
RIP7 
RNAiCN13R 5’-CCATCGATGGTACCCATGCAAGCTCTGACCAATC-3’  
      ClaI  KpnI 
RNAiCC29F 5’-GCTCTAGACTCGAGACCGAAGCATAAGTTAGTTCC-3' 
      XbaI  XhoI 
 
RIP9 
RNAiCC29R 5’-CCATCGATGGTACCCATCTTTTGAATCCAGAGAGC-3’  
      ClaI  KpnI 
RNAiC39F 5’-GCTCTAGACTCGAGCACATTGAGAGTGGAGATATAC-3' 
      XbaI  XhoI 
 
RIP10 
RNAiCC39R 5’-CCCAAGCTTGGTACCCAATGTATCAGTGCTTGCAAAG-3’  
      HindIII  KpnI 
RNAiCC40F 5’-GCTCTAGACTCGAGGATGGAAATACTGGCAGTATC-3' 
      XbaI  XhoI 
 
RIP11 
RNAiCC40R 5’-CCATCGATGGTACCCATACGCCAGTTAATTAAGTC-3’  
      ClaI  KpnI  
RNAiCC48F 5’-GCTCTAGACTCGAGGCAGTAGAGCAGTTCCTAAC-3' 
      XbaI  XhoI 
 
RIP12 
RNAiCC48R 5’-CCATCGATGGTACCGACAAGCTAGTGTCACCATC -3’  
      ClaI  KpnI 
RNAiCC50F 5’-GCTCTAGACTCGAGTGGAGCTAAGGAGCAGATAG-3' 
      XbaI  XhoI 
 
RIP13 
RNAiCC50R 5’-CCATCGATGGTACCACCACCATCATCACTTGAATC-3’  
      ClaI  KpnI 
 
 
 179
CHAPTER 5  GENERAL CONCLUSION 
The cloning and characterization of an Rps gene will help us to elucidate the R gene 
mediated recognition and signaling pathway involved in the expression of race-specific 
resistance in soybean. Rps1-k has been the most stable and widely used Rps gene against 
stem and root rot disease of soybean. With the aim to clone the Rps1-k gene and identify 
proteins that interact with Rps1-k, several studies were conducted and presented in this 
dissertation. They include sequencing the Rps1-k locus and isolation of candidate Rps1-k 
genes; identification and characterization of the functional Rps1-k gene; and isolation and 
functional characterization of proteins that interact with Rps1-k.  
In Chapter 2, two classes of Rps1-k genes with both classes encoding CC-NB-LRR 
type R proteins were isolated from the Rps1-k locus. Genes of both classes are transcribed at 
low levels. Representative members from each gene class were expressed in transgenic 
soybean plants. Analyses of independent Ro, R1, R2 and R3 progeny populations suggested 
that both gene classes confer Phytophthora resistance in soybean. The two classes of Rps1-k 
genes share very high identity. They differ by 58 synonymous substitutions in the ORFs. 
Sequence analysis suggested that diversifying selection pressure has been exerted on the 
evolution of Rps1-k gene family. 
In Chapter 3, we applied a shotgun sequence strategy to determine the sequence 
covering the Rps1-k locus and analyzed the resulted sequence. The Rps1-k locus is rich in 
repetitive sequences, including simple repeat sequences, tandem repeats and retroelements. 
Gene content in the Rsp1-k region appears to be very poor, with only a few full-length genes 
including the Rps1-k genes. 
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In Chapter 4, we employed a yeast two-hybrid system with various baits derived from 
Rps1-k-2 to identify Rps1-k-2-interacting proteins involved in the expression of 
Phytophthora resistance. Twelve putative signaling factors interacting with the Phytophthora 
resistance protein Rps1-k-2 were identified based on in vivo in yeast and in vitro interactions. 
In vivo interactions of several candidate Rps1-k-2-interacting proteins (RIP) including 26S 
proteasome AAA-ATPase subunit RPT5a, a receptor kinase, an unknown expressed protein 
and a type II metacaspase with Rps1-k-2 were further determined in soybean cells by 
conducting FRET analyses. RNA interference (RNAi) experiments were conducted for some 
of the interactors in soybean cotyledons transformed by Agrobacteriaum rhozogenes. 
Silencing of some of the putative Rps1-k-2-interactors compromised the resistance against P. 
sojae. These data suggest that these proteins play essential roles in Rps1-k-mediated 
resistance. 
In chapter 4, I also further characterized RIP13, the type II metacaspase that showed 
interaction with Rps1-k-2. RIP13 was isolated using the N-terminal 144 amino acids of 
Rps1-k-2 containing the coiled-coil (CC) domain as the bait. This interaction was further 
verified by in vitro pull down assay and FRET analysis. RIP13 is rapidly induced upon 
infection with an avirulent P sojae race. To investigate the function of Rip13 in disease 
resistance, the expression of RIP13 was suppressed by using a RIP13-RNAi construct in 
Agrobacterium rhizogenes transformed soybean cotyledons. An average of 65% of the 
transformed cotyledons developed susceptibility upon P. sojae inoculation, in contrast, only 
about 17% of the cotyledons transformed with empty RNAi vector showed susceptibility. 
Our data support that RIP13 plays a critic role in Rps1-k-2-mediated resistance. This study 
also implicates that RIP13 may act as an analogue to the mammalian effector casapses, and 
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Rsp1-k-2 may act as an ‘adapter protein’ like Apaf-1 in plant hypersensitive response (HR) 
related cell death machinery. 
Taken together, the studies presented in this thesis cover from sequencing the Rps1-k 
locus to cloning the Rps1-k genes, and isolation and functional characterization of Rps1-k-2-
interactors. In future, we can further study the promising Rps1-k-2-interactors such as RIP13, 
the receptor kinase and the unknown expressed protein. Take RIP13 as an example, we can 
investigate the following questions. What is the minimal part of sequence of RIP13 that can 
interact with Rps1-k-2-CC or other domains? Does RIP13 interact with some other R 
proteins? Does RIP13 involve in the expression of resistance encoded by Rps genes other 
than Rps1-k, or other R genes conferring resistance to soybean pathogens other than P. sojae? 
How does RIP13 work?  
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APPENDIX FLUORESCENCE RESONANCE ENERGY TRANSFER 
(FRET) ANALYSIS 
To further verify the interactions between Rps1-k-2 and the putative Rps1-k-2-
interactors, we employed the fluorescence resonance energy transfer (FRET) technology.  
FRET is the transfer of energy from one excited donor fluophore to an acceptor fluophore. It 
has been widely used in studying protein-protein interactions in live cells. FRET can occur if 
the donor and acceptor fluophore pair are in a favorable orientation and in close proximity (in 
genral < 7 nm) (Truong and Ikura, 2001). FRET can be observed by exciting the sample at 
the donor excitation wavelength while measuring the fluorescence intensity at the acceptor 
emission wavelength (Truong and Ikura, 2001). The commonly used fluophore pair are cyan 
fluorescent protein (CFP) as the donor and yellow fluorescent protein (YFP) as the acceptor. 
EYFP was fused to N-termini of CC, NBS and CC plus NBS domains of Rps1-k-2. ECFP 
was fused to N-termini of the 13 putative Rps1-k-2-interactors. Individual EYFP and the 
ECFP fused proteins were transiently expressed in etiolated soybean hypocotyls singly or in 
combinations. As shown in Figure 1, when only the EYFP fusion protein was expressed, 
bright signal was observed only in the YFP channel, but none in the CFP and FRET 
channels. Similarly, not much fulorescence was observed in the FRET channel in cells 
expressing only individual ECFP fusion proteins. When cognate ECFP and EYFP fusion 
proteins were co-expressed in the same cell, an increased fluorescence signal was shown in 
the FRET channel, as compared to the signal observed (bleedthrough) from individual fusion 
proteins. Overall when Rps1-k-2-interactors, RIP4, RIP6, RIP10 and RIP13 were co-
expressed with their respective interacting Rps1-k-2 domain or domain combinations, much 
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higher fluorescence as compared to that in controls (bleedthrough) was observed in the FRET 
channel.  
Materials and methods for conducting FRET 
 
ECFP and EYFP were PCR amplified from pECFP and pEYFP vectors (BD 
Biosciences Clontech, Palo Alto, CA) with primers tailored by a 5’-end BglII and a 3’-end 
BamHI sites. The N-terminal ECFP (pD43NCFP) and N-terminal-EYFP fusion plasmids 
(pD43NYFP) were constructed by ligating the BglII-BamHI ECFP and BglII-BamHI- EYFP 
fragments into the BamHI site of vector pPadma43 (unpublished), respectively. All the 
putative Rps1-k-interactor genes were PCR amplified from cDNAs clones with both primers 
tagged by a BamHI site; the resulting fragments were then inserted into the BamHI site of 
pD43NCFP. Individual baits were PCR amplified with both primers tagged by a BamHI site 
and the PCR products were inserted into the BamHI site of pD43NYFP. The primers used are 
listed in Table 1. 
Seven-day old etiolated hypocotyls of soybean cv. Williams 82 were bombarded with 
a PDS-1000/He Biolistic Particle Delivery System (BioRad, Hercules, CA). For one 
bombardment, 4 hypocotyls (cut at the bottom) were placed inside a Petri plate (9 cm in 
diameter) containing moist #1 Whatman filter papers. The bottom parts of the hypocotyls 
were covered with Kimwipes. The hypocotyls were bombarded at 1350 PSI Helium pressure 
with gold particles (Bio-Rad, Hercules, USA) coated with appropriate plasmid DNA 
(Sanford et al., 1993). Hypocotyls were bombarded with ECFP- or EYFP-fused plasmid 
alone or both ECFP- and EYFP-fused plasmids. Bombarded hypocotyls were then incubated 
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at 20-22°C for overnight in dark. Four independent experiments were carried out, and in each 
experiment two replications were included. 
FRET was conducted at the Confocal Microscope Facility, Iowa State University. To 
observe in vivo interactions by FRET, a bundle of 3 images were acquired for each sample 
using the YFP, FRET and CFP channels, respectively. All the images were processed using 
the TCS/NT confocal system (Leica, Bannockburn, IL). 
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Figure 1. In vivo interaction between Rps1-k-2 and representative Rps1-k-2-interactors 
in etiolated soybean hypocotyl cells. FRET was performed by co-expressing the putative 
Rps1-k-2-interactors and the corresponding bait fusion proteins transiently in soybean 
etiolated hypocotyl using particle bombardment. The pD43NECFP and pD43NEYFP vectors 
were used as negative controls. Fluorescence was detected by confocal microscope. The 
fluorescence signals were falsely colored. Four representative Rps1-k-2-interactors were 
shown here. 
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Table 1.  The nucleotide sequences of primers used in FRET 
Primer Name Sequences 
NBglII-CFPF GAAGATCTATGGTGAGCAAGGGCGAG 
NBamHI-CFPR TTGGATCCCTTGTACAGCTCGTCCATG 
BamHI-HAB42ADF TTGGATCCTACCCTTATGATGTGCCAG 
BamHI-B42ADR AAGGATCCCTGGCAAGGTAGACAAGCCG 
BamHI-NBSF GCGGATCCAAAGCTCCATCAACATCT 
BamHI-NBSR CGGGATCCCTATGATGTGGCTAGATCATGC 
BamHI-CCF GCGGATCCATGGCAGCAGCACTGGTCG 
BamHI-CCR CGGGATCCCTACCATGACAAGTTCTCCAC 
 
 
